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AIRMoN Atmospheric Integrated Research Monitoring Network
AIRS Atmosperic Infrared Sounder
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CEMS continuous emissions monitoring systems

CHa methane

CHsCN acetonitrile

C2H7N ethylamine

C7HsN benzonitrile

CHsNO acetamide

CIMS chemical ionization mass spectrometry

cL Critical Load

CLAD Critical Load Atmospheric Deposition Science Committee
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7

ED_0053641_00054976-00007



PSD prevention of significant deterioration

PTR proton-transfer-reaction

PVM particulate volume monitor

QA/QC quality assurance/quality control

QcCL guantum cascade laser
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RMS root mean square

RMSE root mean square error

RPD Relative percent difference
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SIAC steam jet aerosol collector
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1. Background and Purpose

Over the past two decades, interest in better understanding atmospheric inputs of reactive
nitrogen (Nr; all biologically active, chemically reactive, and photochemically active nitrogen
compounds) to terrestrial and aquatic ecosystems has increased dramatically within the
National Atmospheric Deposition Program (NADP) user community. ‘Nitrogen deposition’
refers to the transfer of these Nr-containing compounds from the atmosphere to the Earth’s
surface. Atmospheric inputs occur via wet deposition processes through which gases and
particles are first incorporated into hydrometers and then delivered to the surface through
precipitation, or by dry deposition processes through which gases and particles deposit to
surfaces directly. Wet and dry deposition processes considered together represent “total” Nr
deposition.

Nitrogen deposition is an important step in the nitrogen cascade concept, which describes the
cycling of Nr between the atmosphere and biosphere (Galloway et al., 2003). The amount of Nr
in the environment has doubled globally over the past century and increased many-foid in
certain geographic regions (Fowler et al., 2013) owing largely to anthropogenic processes
including the production of fertilizer and other industrial applications via the Haber-Bosch
process and the conversion of both non-reactive atmospheric (i.e. N2) and fuel-bound N during
fossil fuel combustion. Excess deposition of Nr to terrestrial ecosystems can lead to soil
acidification or eutrophication, and damage to trees, herbs, and lichen through direct uptake
from the atmosphere. Deposition (and runoff) to aquatic systems can cause eutrophication and
acidification of lakes, streams, and other water bodies. These ecosystem changes can lead to
reduced biodiversity and reduced resilience to climate variability and other stressors (U.S. EPA,
2008) and can be directly or indirectly linked to decreases in the quality of benefits provided by
ecosystems, including clean water, climate regulation, food, recreational opportunities, and
cultural and spiritual value (Compton et al.,, 2011; Cooter et al., 2013; Munns et al., 2016a; Clark
et al,, 2017; Rhodes et al., 2017). The recognition that the atmosphere plays a key role in
providing these ecosystem services (Cooter et al., 2013; Rea et al., 2012; Thornes et al., 2010)
has underscored the need to develop accurate and complete atmospheric Nr deposition
budgets.

A fundamental aspect of characterizing ecosystem risk from excess Nr is quantification of the
amount of Nr entering the ecosystem relative to the ecosystem’s “critical load”. The critical
load is defined as “ag quantitative estimate of an exposure to one or more pollutants below
which significant harmful effects on specified sensitive elements of the environment do not
occur according to present knowledge” (Nilsson and Grennfelt, 1988). The development of
critical loads for Nr requires an understanding of the total amount of Nrin atmospheric
deposition. In terrestrial ecosystems, such as temperate forests, where N; fixation rates are
low, atmospheric deposition can be the primary source of excess Nr. The contribution of
atmospheric Nr inputs in aguatic ecosystems is lower, although still important. For example, the
Chesapeake Bay estuary is situated in a highly populated area with extensive agricultural
operations, yet 33% of the total N-loading to the watershed in 2015 is due to atmospheric
deposition (U.S. EPA, 2010).

12
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The NADP monitors precipitation chemistry at approximately 250 sites across North America
(http://nadp.slh.wisc.edu). The program is a cooperative effort between federal, state, tribal
and local governmental agencies, educational institutions, private companies, and non-
governmental agencies. NADP provides data on the amounts, trends, and geographic
distributions of acids, nutrients, and base cations in precipitation. While the National Trends
Network (NTN), which monitors weekly precipitation chemistry, represents the core of NADP,
the program has expanded since its origin in 1978 to include additional sub-networks, including
the Atmospheric Integrated Research Monitoring Network (AIRMoN), Mercury Deposition
Network (MDN), Atmospheric Mercury Network (AMNet), and most recently the Ammonia
Monitoring Network (AMoN).

The organizational structure of NADP includes an Executive Committee, which provides
program direction and acts on recommendations of the Budget Advisory Committee and
Quality Assurance Advisory Group. Two technical subcommittees advise the Executive
Committee on issues such as field-siting criteria, equipment, and laboratory and sample
collection protocols (Network Operations Subcommittee, NOS) and provide input on data user
needs and outreach (Education and Outreach Subcommittee, EOS). In addition to the technical
subcommittees, the program includes two science committees focused on key areas of
atmospheric deposition of interest to NADP data users. These include the Critical Loads
Atmospheric Deposition Science Committee (CLAD), which facilitates the development and use
of critical loads for quantifying atmospheric deposition impacts to ecosystems, and the Total
Deposition Science Committee (TDep).

TDep formed in 2011 with the mission to improve estimates of atmospheric deposition by
advancing the science of measuring and modeling atmospheric wet, dry, and total deposition of
species such as sulfur, N, and mercury. TDep is a forum for the exchange of information on
current and emerging issues among atmospheric scientists, ecosystem scientists, resource
managers, and policy makers. The specific charges of TDep
(http://nadp.sth.wisc.edu/committees/tdep/) are to:

e support national networks that monitor atmospheric deposition by providing
information on emerging measurement techniques, model development, and
uncertainties associated with these approaches

o identify and prioritize knowledge gaps in the field of measuring and modeling
atmospheric deposition and advocate for research to address those gaps

e coordinate with CLAD and other groups to advocate the use of the most scientifically
defensible deposition estimates for critical loads and other environmental
assessments

e provide expertise and advice on present and potential decisions and regulatory actions
pertaining to the field of measuring and modeling atmospheric deposition

e encourage greater communication and collaboration between groups from different
disciplines with interests in atmospheric deposition.

13
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One of TDep’s major accomplishments to date is the establishment of a method that combines
values from measurements and output from atmospheric models to produce maps of total Nr
deposition (Schwede and Lear, 2014). These maps are a formal NADP product and have been
used to determine critical load exceedances in national parks (NPS, 2014) and Forest Service
lands (USFS, 2016). It is important to note that the deposition budgets on which critical loads
are based often contain significant uncertainties in measurements and models, their accuracy
and completeness being reflective of the current state of science. Factors that contribute to
spatial and temporal variability in atmospheric deposition processes include meteorological
phenomena governing transport and diffusion, chemical reactions of pollutants in the
atmosphere and at the depositing surface, and biological processes within specific ecosystems.
Where deposition estimates are derived from chemical transport models, uncertainties
unrelated to the deposition process itself, such as emissions of Nr to the atmosphere, become
important. More experimental knowledge of measurable parameters, leading to improvements
in deposition models, is needed to help to address these uncertainties.

In the spring of 2016, the TDep committee successfully renewed its charter before the NADP
Executive Committee, citing the total deposition maps as one of several accomplishments. Key
to the renewal was the plan to identify knowledge gaps, such as the uncertainties in total
deposition estimates mentioned above, and prioritize and facilitate a set of priority research
needs which TDep and collaborators will address over the next several years. The needs are
areas in which advances in measurements and modeling of Nr deposition as well as improved
understanding of sources of Nr are needed to improve total Nr deposition budgets. The TDep
steering committee moved forward with a plan for a white paper, outlining these priority
research needs, to serve as a “road map" for TDep research activities. The objectives of this
white paper are to describe the state of the science with respect to total Nr deposition
budgets in the United States and the research needed to improve these budgets from both
measurement and modeling perspectives. The document is intended to serve as a plan for
TDep research activities but also, more broadly, to provide program managers, natural
resource managers, policy makers and scientists with an understanding of (1) the need for
complete and accurate Nr deposition budgets to protect ecosystem health and human
welfare, and (2) the linkages between the underlying policy-relevant science questions and
the specific knowledge and dato gaps needed to improve Nr deposition budgets.

The document is structured by first providing background on the current regulatory policies
relevant to atmospheric Nr (Section 2). A set of policy-relevant science questions specifically
related to Nr deposition is then presented (Section 2). These questions motivate detailed
descriptions of specific ‘research topics’ presented in Section 3, each supported by a brief
discussion of the underlying state-of-the-science and the identification of ‘knowledge gaps’
within those topics. This format builds on a review of knowledge gaps in deposition science put
forth in a prior TDep assessment and represents a combination of core needs relevant to
TDep’s mission, such as datasets of deposition fluxes in key ecosystems and improvement of
deposition algorithms in regional chemical transport models, as well as new areas, such as
source apportionment of Nr deposition. The research topics and their key knowledge gaps are
summarized in Table 3.1. Section 3 was developed by experts across a range of disciplines

14
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within the TDep community including atmospheric chemistry and physics, biogeochemistry,
ecology, numerical modeling, micrometeorology, and remote sensing, including representatives
from within TDep as well as external federal, state, and academic collaborators. Opportunities
for integrating research across the many stakeholders that benefit from Nr deposition science
are put forth in Section 4 and a brief summary of the document is included in Section 5.

2. Policy Relevance of Nr Deposition

2.1 Air Regulations Relevant to Nr

The National Ambient Air Quality Standards (NAAQS), established under the Clean Air Act,
include primary standards to protect public health and secondary standards to protect public
welfare. The Clean Air Act definition of “welfare” includes effects on soils, water, vegetation,
visibility, weather, climate, wildlife, materials, economic values, and personal comfort and well-
being (CAA 302[h]). The secondary standard for nitrogen dioxide (NO;), which establishes a
limit of 0.053 parts per million (ppm) annual average concentration, is the standard most
directly relevant to Nr deposition. In addition to establishing the standards themselves, the
Clean Air Act requires periodic review and, as necessary, revision of the NAAQS. Central to the
NAAQS review process is the Integrated Science Assessment (ISA), which is a comprehensive
synthesis and evaluation of the most policy-relevant science related to the standard. The ISA
(U.S. EPA, 2008) informs the Risk and Exposure Assessment, which determines if known or
anticipated effects to public welfare are occurring or are anticipated to occur under current
conditions (U.S. EPA, 2009), and, ultimately, the Policy Assessment (U.S. EPA, 2011a), which
provides the EPA Administrator with policy options for retaining or revising the current
standards. The review culminates with a final ruling in which the decision to retain or modify
the NAAQS standard is documented in the Federal Register (U.S. EPA, 2012). The most recent
review was completed in 2012 and a new review was initiated in 2016 (U.S. EPA, 2016).

Due to their combined effects on atmospheric chemistry, deposition processes, ecosystem
health and public welfare, the secondary standards for NO and sulfur dioxide (SO,) (0.5 ppm 3-
hour average air concentration) were most recently reviewed together (Final Rule, U.S. EPA,
2012), referred to here as the Integrated Science Assessment for Oxides of Nitrogen (NO,) and
Sulfur (SOx) or NOx/SOx ISA (U.S. EPA, 2008). The current assessment also includes particulate
matter (NOx/SOx/PM, U.S. EPA, 2016). It is important to note that the current NAAQS
standards are concentration based, however, the NAAQS review encompasses ecosystem
effects resulting from direct exposure to atmospheric concentrations as well as atmospheric
deposition, understanding that deposition rates are fundamentally linked to atmospheric
concentrations. Additionally, the scope of the review is not limited to the specific indicators of
the current standards (e.g., NO,, SO, PM). The most recently completed (NOx/SOx) and
ongoing (NOx/SOx/PM) ISAs acknowledge that comprehensive assessment of the ecological
effects of atmospheric Nr deposition requires consideration of the suite of chemical forms that
make up Nr. The ISA therefore evaluates data on all oxidized, reduced (ammonia (NH3) and
ammonium (NH4"), NHz + NHa* = NHy), and organic forms of Nr in atmospheric deposition.
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Science conducted by the TDep community was utilized in the NOx/SOx secondary NAAQS
review,

The main effects of Nr deposition assessed by the NOx/SOx ISA are acidification and nutrient
enrichment. The 2008 NOx/SOx ISA concluded that evidence is sufficient to infer a causal
relationship between deposition of acidifying species and effects on biota and biogeochemistry
related to terrestrial and aquatic ecosystems. Furthermore, the ISA found sufficient evidence to
infer a causal relationship between Nr deposition, to which NOx and NHy directly contribute,
and the alteration of biogeochemical cycling of N and carbon in terrestrial, wetland, freshwater
aquatic, and coastal marine ecosystems. Indicators of this relationship include biogenic fluxes of
methane (CH,4) and nitrous oxide (N,O) in terrestrial and wetland ecosystems as well as species
richness and species composition in terrestrial, wetland, freshwater aquatic, and coastal marine
ecosystems.

The most recent review of the NOx/SOx secondary standard, completed in 2012 (U.S. EPA,
2012), represents a significant step forward in setting a multi-pollutant standard to protect
public welfare. This review determined that known or anticipated adverse ecological effects are
occurring and that the current standards are not adequate to protect against deposition-related
effects (U.S. EPA, 2009; 2011b). EPA's Clean Air Scientific Advisory Committee (CASAC), an
independent federal advisory group that provides scientific information and advice to EPA
officials, concluded that the levels and the form of the current standard are insufficient to
protect against adverse effects from deposition, thus warranting revision of the standard (U.S.
EPA, 2011b). Although the Administrator agreed with the CASAC, she concluded it was
premature to set a new, multi-pollutant secondary standard for oxides of N and sulfur due to
the high level of uncertainty related to setting the form, indicator, and level of the standard
(U.S. EPA 2011b). These scientific uncertainties in relating atmospheric concentrations to
deposition and data gaps nationwide underscore the need for the science that the TDep and
CLAD communities are conducting.

In addition to the secondary NAAQS, Nr is considered in other air quality regulations, including
the primary NAAQS and the Regional Haze Rule. The primary NAAQS provides human health
protection (rather than public welfare) and sets air concentration limits for several pollutants
that are known to be harmful to human health, including carbon monoxide (CO), lead (Pb), NO,,
ozone (03z), SO,, and PM. Atmospheric Nr directly contributes to both the formation of Oz and
PM (Galloway et al., 2003; Fowler et al., 2013). Oxidized nitrogen gases are primary precursors
of tropospheric O3 formation and are important to O; control strategies. Nr also reacts with
organic carbon compounds leading to secondary organic aerosol (SOA) and both reduced (NHy)
and oxidized forms of Nr play a role in the formation of inorganic PM, specifically NH4*
containing compounds. The Nr-containing organic and inorganic PM compounds are typically
small in diameter (< 2.5 um) and contribute significantly to the total mass of PM in the
atmosphere. Atmospheric PM is not only a concern for human health but also for its effects on
atmospheric conditions such as visibility and processes such as climate forcing. PMis a
component of atmospheric haze and impacts visibility, for which there are regulatory
requirements intended to protect natural areas where scenic views are a valued ecosystem
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service. The Regional Haze Rule, enacted in 1999, calls for States to establish goals and emission
reduction strategies for improving visibility in all mandatory Class | national parks and
wilderness areas (U.S. EPA, 1999).

The importance of Nr in air quality regulations and critical loads frameworks illustrate the
complex relationships among not only the regulations themselves but also the atmospheric
processes that ultimately lead to ecosystem exposure and effects (Cooter et al., 2013; Rea et
al., 2012). These complexities should be considered in developing and implementing strategies
to achieve management goals to reduce ecological exposure to Nr deposition. Ammonium
nitrate aerosol (NH4NO3) is an example that illustrates these complexities which are briefly
described here. NH4sNOs is formed when NH; gas reacts with nitric acid (HNOs) gas, each of
which originating from very different Nr sources that are ultimately linked via aerosol
processing. NH4NO; is a component of both wet and dry Nr deposition, and therefore is
relevant to the secondary NAAQS review and critical loads. NHsNO3; may partition back to
gaseous HNOsz and NH3 depending on atmospheric temperature and relative humidity, which
may then either dry or wet deposit or undergo further atmospheric chemical reactions. NH;NO3
contributes to the mass of PM in the atmosphere and to reduced visibility and is therefore
being considered in the current NOx/SOx/PM Secondary NAAQS review (U.S. EPA, 2016). It is
also relevant to the primary NAAQS and Regional Haze Rule, particularly in the western U.S.
Strategies to control ambient PM concentrations (NHaNOz) which will affect subsequent
atmospheric deposition of Nr.

Furthermore, the particular chemical species of emission control targets is important. NOx
emission controls may reduce atmospheric concentrations of NH4NO3 in many areas. In other
areas, NH4sNO; will be more sensitive to atmospheric concentrations of NHs, for which there is
currently no Federal regulatory mandate for emission controls. Across the U.S., a gradual shift
of the inorganic Nr budget from a predominance of oxidized to reduced forms of Nr (Du et al.,
2014; Li et al.,, 2016) highlights the need for consideration of NHz in control strategies to
address atmospheric deposition of Nr as well as PM. Thus, the origin, atmospheric processing
and fate of NHiaNQO; aerosol is an example of the interconnectivity of Nr from an atmospheric
perspective. Science addressing Nr must acknowledge this complexity in developing solutions
to better understand and mitigate the impacts of Nr deposition.

2.2. Critical Loads of Nutrients and Acidity

Critical loads are used to quantify the amount of atmospheric deposition (load) that can be
tolerated by ecosystems without significant harm or change occurring. In this regard, they are
analogous to other risk-based environmental criteria, such as the ambient water quality criteria
required by Section 304 (a) (1) of the Clean Water Act that establish protective limits to
chemical contaminant exposure in aquatic systems. Critical loads link atmospheric deposition to
ecological response based on the threshold of deposition below which negative ecosystem
effects do not occur (Nilsson and Grennfelt, 1998). Critical loads have been developed for a
number of ecosystem components including terrestrial and aquatic acidification, forest-tree
health, NOs™ leaching, changes in plant community composition, and changes in lichen
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communities (Pardo et al., 2011; Clark et al., 2018). Exceedance of the critical load can
negatively affect aspects of ecosystem structure and function that produce the ecosystem
services that benefit people (Munns et al., 2015; Clark et al,, 2017; Rhodes et al., 2017).
Ecosystem services include clean air and water, recreational opportunities, visibility, food and
materials, and cultural and spiritual values. Atmospheric deposition can be linked to changes in
ecosystem services via ecological production functions. For welfare considerations, critical loads
can be established based upon the effects of atmospheric deposition on key ecosystem services
(Munns et al., 2016b). For example, a critical load for acid neutralizing capacity in lakes and
streams can be informed by ecological production functions for recreational fish species
abundance, or for nonuse and cultural values (Rea et al., 2012).

Science and policy are closely coupled in the critical loads process (U.S. EPA, 2008; Porter et al.,
2005; Fenn et al.,, 2011; Burns et al., 2015). Examples of scientific aspects of the development of
critical loads include relating ambient air concentrations to deposition, quantifying the
relationships between deposition and ecosystem response, relating those ecological changes to
changes in the services ecosystems provide, and identifying the ecosystems most at risk to
deposition. Policy aspects include establishing considerations for identifying which ecosystems
to protect, developing emission reduction plans to achieve protective levels of deposition, and
evaluating the effectiveness of regulations. By linking air concentrations and atmospheric
deposition to ecosystem response in the context of ecological production functions, critical
loads provide a quantitative framework that can be used to inform resource management and
policy decisions aimed at sustaining or improving human welfare (Munns et al., 2016b).

Critical loads have been used extensively in Europe to support the Convention on Long-range
Transboundary Air Pollution (LRTAP) within the United Nations Economic Commission for
Europe (UNECE). Maps of critical levels and loads are regularly updated within the LRTAP
Working Group on Effects led by the International Cooperative Programme on Modelling and
Mapping of Critical Levels and Loads and Air Pollution Effects, Risks and Trends
(http://icomapping.org/). Maps of critical load exceedances support pollutant emission
reduction strategies developed under the UNECE Convention on LRTAP (UNECE WGE, 2004).
The critical load approach has also been used in Canada to design emission reduction programs
(Jeffries and Ouimet, 2004).

In the U.S., ambient air concentrations, rather than deposition, have traditionally been used to
set the NAAQS. However, in 2004, the National Research Council (NRC) recommended that EPA
consider using critical loads for ecosystem protection, which was followed in 2005 by an EPA
rule that includes a provision for states to use critical loads as part of their air-quality
management strategy to satisfy Clean Air Act requirements regarding “prevention of significant
deterioration” (PSD) (U.S. EPA, 2005). PSD addresses the preservation, protection, and
enhancement of air quality and air quality related values—ecosystem services—in national
parks, national wilderness areas, national monuments, national seashores, and other areas of
special national or regional natural, recreational, scenic, or historic value (U.S. Congress, 1977).
An “Air Quality Related Value” is defined as a resource that may be adversely affected by a
change in air quality and may include visibility or a specific scenic, cultural, physical, biological,
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ecological, or recreational resource for a particular area (FLAG, 2000). The 2004
recommendation by the NRC and 2005 EPA ruling were followed by an expansion of critical
loads research. Critical loads are now used by EPA as a quantitative framework for linking
atmospheric concentrations and deposition to effects on public welfare and thus have become
an important assessment tool within the secondary NAAQS review process {Scheffe et al., 2014;
Rea et al,, 2012). Additionally, U.S. federal land management agencies have adopted critical
loads as a tool for setting management goals and guiding air pollution management decisions
for national parks, forests, and wilderness areas (Blett et al., 2014; Pardo et al., 2015).
Establishment of a critical load for eutrophication in Rocky Mountain National Park (Baron,
2006; Porter and Johnson, 2007) is an example of Federal Agencies (U.S. EPA, Region 8;
National Park Service) and States (Colorado Department of Public Health and Environment)
working collaboratively to develop and implement an air quality management plan to protect
public welfare and ecosystems services by reducing Nr deposition. Accurate and complete
deposition budgets of nutrients and acidity are fundamental requirements for the development
of critical loads and ultimately for protecting human welfare.

2.3. Overarching Policy-Relevant Science Questions

Deposition science to support the secondary NAAQS and critical load assessments is motivated
from a top-down approach by the following over-arching policy-relevant science questions
regarding what research related to development of total Nr deposition budgets is needed to:
o lLink atmospheric Nr levels and speciation to deposition rates for specific
ecosystems?
o Link Nr deposition rates to ecosystem response in terms of critical loads?
e Relate ecosystem responses to Nr deposition to changes in ecosystem services and
human welfare?
o Quantify critical loads and their exceedances?
e Reduce uncertainties in estimates of critical loads and exceedances?
e Determine the source(s) of Nr deposition in ecosystems experiencing exceedances?
e Evaluate the effectiveness of existing policies for managing Nr deposition?
o Inform the scientific basis for reviews of policies related to managing Nr deposition?

These policy-relevant science questions comprise a number of more specific research topics,
which are described in detail in the following section.

3. Deposition Research Topics and Knowledge Gaps

The research topics motivated by the policy-relevant science questions in Section 2.3 can be
categorized into four broader topic areas: measurements of deposition budgets, modeling of
deposition budgets, source apportionment of deposition, and spatiotemporal patterns in
deposition. The categorizations are for organizational purposes and the underlying topics may
be relevant to multiple topic areas. The research topics are listed in Table 3.1 along with their
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key knowledge gaps, which are framed in terms of research projects or foci that will produce
data, tools, and knowledge which address the corresponding overarching policy-relevant
science question. Thus, the policy-relevant science questions listed in Section 2.3 individually
encompass multiple scientific research topics and their knowledge gaps. For example, consider
the first policy-relevant question; “What research related to development of total Nr deposition
budgets is needed to link atmospheric levels of Nr to ecosystem response?” This question is
related to the development of the secondary NAAQS in which exposure is framed in terms of
concentrations of species in air. The task is to follow those atmospheric levels of Nr species
from the atmosphere through the deposition pathway, and to the exposure endpoint (i.e.
uptake within the ecosystem). An example of a simplified “process-level” investigation would
consider the physical and chemical processes of transport to the deposition surface, the
characteristics of the deposition surface, any subsequent physical or chemical processing of
that surface including potential re-emission, any means by which it is mobilized into an
ecosystem, and in which ecosystem compartments it resides (e.g., leaf, soil).

In order to link the specific research topics to the policy-relevant science questions, the
following series of broad science questions will be considered:

1. How much and what forms of nitrogen are deposited to terrestrial and aquatic
ecosystems?

2. What are the relative fractions of wet versus dry deposition?

3. What are the most important processes by which gases and particles dry deposit to the
landscape?

4. Are national monitoring networks sufficient to characterize the magnitude and
important scales of variability of wet and dry deposition?

5. What methodological advances are needed to adequately speciate the atmospheric
nitrogen budgets and to quantify air-surface exchange processes?

6. Do current landscape to regional scale models adequately simulate deposition
processes?

7. What fraction of atmospherically deposited nitrogen is subject to regulatory control?

8. Are current methods for source apportionment of nitrogen deposition sufficient to
support advancement of current regulations?

These science questions can begin to help categorize the specific knowledge gaps in the
research topics and relate them back to the broader policy-relevant science question. We
begin with the physical and chemical characteristics of the species in question, which is
paramount in determining where and when the species will deposit. This suggests that science
guestions 1,2,3, and 5 need to be addressed to satisfy the policy-relevant science question. This
example is summarized in Figure 3.1.
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Sclence QUESTIONS

- How much and what forms of bl are deposiled to leresinal and agualic ecosyslems?

. Whal are the relative fractions of wel versus dry deposition?

. What are the most Important processes by which gases and particles diy deposit to the landscape?

. Whal methodological advances are needed to adeguately speciate the atmosphertic Mr budgets and to
guahlify aic-sutface exchange processes?

How much and what forms of Nr are deposited to terrestiial and What are the most imporiant processes by which gases and particles dry
aguatic ecosystems? deposit to the landscape?
¢ Measurements of ali-surface exchange of Nr in natural ecosystenis + Development of in-canopy source/sink models that resolve deposition to
across North America ecosystem components (crown, understory, ground) and in-canopy chemistry
Tolal atmospheric Nr deposition In urban areas Application of a bidirectional ammonia air-sirface exchange model at NADP
Snow and almospheric deposition AMoM sites
Oceult Deposition Measurements of surface chemistry/welness relevant to fluxes
Application of a bidirectional ammonia air-surface exchange model at Measurements of air-surface exchange of Nr in natural ecosystems across
NADP AMoN sites North America
Modeling fluxes of Nr using chemical ransport models Advancing throughfall methods for quantifying Nr deposition
Development and testing of source, receptor, and hybrid-oriented Modeling fluxes of Nr using chemical ransport models
apportionment methods

* Characterizalion of organic fiftogen In air and preciiiation What methodological advances are needed to adequately speciate the
What are the relative fractions of wel versus dry deposition? atmospheric Nk budgels and o guanlily air-surface exchange
+ Development and testing of source, receptor, and hybrid-oriented processes?
apportionment methods + Characterization of organic nitrogen in air and precipitation
Aoplication of a bidirectional ammonla alr-surface exchance model at = Low-cost method for routine monitoring of air-surface exchange of Nr
NADE AMoN sites compounds
Characterizalion of organic nitrogen in alr and precipitation + Measurements of air-surface exchange of Nr in natural ecosystems across
Relationship of long-term frends in emission and deposition North America

Figure 3.1. Example of relationship between a policy-relevant science question and its
subsequent science questions and specific research topics.

At this level, we can begin to consider the very specific knowledge gaps that are identified for
each research topic (Table 3.1). These knowledge gaps are identified and described in each
research topic section where they have been prioritized and classified as “near-term” or “long-
term” dependent on the level of effort and the current available technology as interpreted by
the research topic authors.

The research topics presented in this document were selected by deliberation of the TDep
committee and are not intended to represent an exhaustive list of focus areas of the field of Nr
deposition, but are a starting list of research topics that the TDep committee has identified as
important to advancing the state of the science. The sections on the research topics were
developed by experts in their field or by consulting with experts in their field. While some
degree of inter-topic variability and stylistic differences are inevitable, each topic contains a
research topic summary, introduction, state of the science, and future research in an attempt
to maintain consistency.

The “research topic summary” acts as an executive summary of the topic and includes the
identified knowledge gaps in the field and summary of research needs discussed in the “future
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research” section. The introduction will describe the background of the research topic. The
“state of the science” section will expand on the introduction and identify any current or
relevant research that has advanced or is advancing the current state of the science. The
“future research” section will attempt to prioritize the key knowledge gaps and provide some
specificity on potential paths forward. This could include an example of what a basic research
study might entail, identify where potential collaboration opportunities might exist and indicate
whether addressing the knowledge gap is a long-term or near-term endeavor.

List of Key Knowledge Gaps for Specific Research Topics

3.1. Measured total Nr deposition budgets

3.1.1. Process level measurements
3.1 1. Meogsurements of air-surface exchange of Nrin noturol ecosystems across North America
Near-term:
. Develop a data base of existing flux measurement studies for model development and evaluation
. Develop a routine method for bulk organic nitrogen in precipitation
. Application of chemiluminescence/converter methods for speciated oxidized Nr and total reactive Nr flux measurements
. Deployment of low-costs time:integrated:flux measurement techniques within existing monitoring infrastructure
. Assessment of dew volume and chemistry as supporting measurements for flux.experiments
. Characterization of soil and vegetation chemistry to determine emission potentials as supporting measurements for NH flux
measurements
. Further development of open-path methods for direct measurement of NH: fluxes by eddy covariance
» Evaluation of the importance of NO; fluxes in high NOx environments
. Application of online:mass spectrometry for flux measurements of reduced forms of-organic Nr, specifically amines and amides
. Assessmentof surface resistance for HNOs, alkyl and peroxy-nitrates
Long-term:
. Incorporating bulk ON'into current routine monitoring infrastructure
. For oxidized organic Nr, separation of aerosol and gas phase contributionsto the total oxidized organic Nr flux.using coincident
online aerosol and gas phase mass spectrometry methods
. Application of chemiluminescence/converter method for flux measurements of total alkyl and peroxy-nitrates
. Additional flux studies are needed in forest ecosystems, particularly decid uous forests; as well as high elevation and alpine
environments, urban-to-rural gradients, agricultural regions, and coastal zones
. Assessment of effects of near-surface and.in>canopy chemistry and reactivity on net air-surface exchange processes
. Measurements to eélucidate the role of surface wetness and cuticle chemistry in the “non:zstomatal” processes for gas phase HNO3;
NHai, and peroxy-nitrates
. Measurements of N.Os fluxesiin coastal zones and-downwind of urban areas
. Extension of micrometeorological flux measurement technigues to compléx-terrain typical of Nrsensitive high-elevation
environmentsis also a long-term objective.
. Establishment of long-term sites formeasurement of a core suite of reactive chemical fluxes including NO,, total oxidized Nr, and
total Nr
. Characterization of Nr.deposition associated with “episodes” stich as smoke plumes
2.1.1.2. Meuvsurements of surfoce chemistry and wetness relevant to fluxes
Near-term:
. Apply measurements of dew volume to test surface moisture predictions in gridded chemical transport models such as CMAQ
. Use recent dew chemistry measurements to develop and test more representative parameterizations of cuticular resistance
schemes.
Long-term:
. Expand current methods for assessing the volume and chemistry of surface wetness to include other chemical.compounds
. Employing these methods to characterize a range of meteorological conditions; vegetation characteristics, atmospheric acidity; and
atmospheric NHs concentrations
. Collocating this detailed surface wetness characterization with air-surface exchange measurements.
. Use dew chemistry. measurements to develop and test more representative parameterizations of cuticular resistance schemes.
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Understanding the role of surface wetness in the deposition and re-emission of reactive nitrogen

3.1 3. Advancing throughfoll methods for quantifying Nr deposition

Near-term:

»

Assess collection efficiency and performance of throughfall measurements across canopy typesand deposition regimes (wet versus
dry proportions)

o target different ecosystems and focus on:spatial and temporal resolutions.
Compile standardize database and implement standard methodologies for consistency and easier application of data.
Increase the capacity of throughfall methods to relate to total Nr deposition, specifically to include stomatal uptake and deposition
to canopy surfaces in both wet (precipitation.and.fog) and dry (gaseous and particulate) forms

Long-term:

.

Expansion of IER méthods to include other Nr compounds (organics),
Development of methods for relating throughfali to deposition output from CTMs andiin=canopy scale models.

3.1 1.4 Total atmospheric Ne deposition in urbon areeas
Near-term:

Develop and deploy more passives (NHs, NOx) in largé numbers to assess spatial variability (heterogeneity)

o Expanding existing wet dep networks (e.g. NADP/NTN)
Compile air-quality monitoring records for Nr species in urban air.into a standardized data base for common research use (e.g. EPA
CSN, IMPROVE, CASTNET)
Conduct wet-&dry-sampling based:on sub-categories of urban landscape paying particular attention to influential parameters such
as population density, building height, tree or asphalt cover.

Long-term:

development and expanded use of IER passive methods for sampling of bulk Nr deposition and throughfallin urban transects
Investigate the relationship between atmospheric deposition and human population growth

Conduct modeling studiesto develop algorithms for urban deposition based on emission source terms and landscape characteristics
and dynamics.

Conduct studies.of Nr in urban fog (occult deposition) and develop estimates of its relative importance to total deposition.

Evaluate how structures (e.g. buildings) and.urban forests affect estimation of total deposition variability in'the urban environment.
Improve modeling techniques to better define the radius of influence of Urban emissions on surrounding areas.

2.1 1.5 8now and atmospheric deposition
Near-term:

»

»

.

Leverage resources for collaborative research sites to offset logistical challenges of remote and difficult terrain
Improvements in monitoring technology and.techniques to obtain more representative measurements of wet-deposition as snow
e) Improvement of NADP data validation, completeness criteria; and precipitation weighting of chemical'concentration data
at high elevation sites
o Use of weekly bulk-snow samples collocated with NADP sites to be used in cases when NADP.samples are missed due to
equipment failure.
o Use of wind-shielded wet-deposition collectors to limit wind-blown secondary snow deposition
el Use of independent precipitation gages not impacted by wind-redistributed snow to correct snow=deposition
measuremeants.
Use of bulk- measurement methods to characterize spatial variability and deposition processes
o 1ER throughfall/bulk deposition collectors to augment summer deposition measurements
o Snowpack measurements to augment winter total deposition measurements.
fe) Passive sampler methods to charactérize spatial variability of air concentrations to inform dry deposition estimates
0 Measurements of bulk snow surface minus NTN weekly concentration differences to estimate dry deposition
fe) Lysimeters to characterize the Nr content, transformations, and:subsurface movement of the snowpack during melting
Prioritization of dry deposition model improve ments considering impact on deposition totals and: simplicity and.cost of sampling

Long-term:

»

implementation of consistent and standardized routine deposition measurement methods at alpine sites
Intensive detailed measurements to examine processes and. improve deposition models
o Measurements of rime ice
o Direct flux measurements to quantify dry deposition-and re-emission from the snow surface
o+ Coupled air-surface flux and snow measurements to quantify surface resistances to deposition and the roles of surface
wetness and chemistry

3.1.1.6. Occult deposition: what we know, don't know, and-should really know
Near-term:
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-

Qutreach to fog and cloudwater communities to pursue consolidation of historic research (e.g: a'review paper).and standardized
datasets

Analyze existing data to answer needed research questions (i.e: How.much are existing datasets influenced by trends in background
and long-range transport signals?)

Collect data in different environments to improve spatial variability of estimates for total Nroor wet/dry fractions.

Long-term:

.

Develop standardized and comparable sampling methods.

Framework of current National monitoring networks is insufficient for mountain-top sampling; evaluate the feasibility of sampling in
coastal or other fog prone areas.

Characterizing process-level information empirically, so that it may be incorporated into parameters of CTMs.

3.1.2 Routine monitoring
3.1.2. 1. Wet deposition anniuol precipitation-weighted miean concentrations from incomplete time series: Influence
of completeness criteria, dota validotion, and data substitution methods

Near-term:

Base network completion criterion on scientific.consensus and.experimental evidence rather than exclusive best-management
practices
o -Evaluation of the definition of contaminated samples
o - Identifying valid data with systematic biases
o) Evaluation of differences in frequencies and types of sample invalidation among different wet-only collectors (i.e.
Aerochem versus N-CON versus MIC-type collectors).
Statistical treatment of missing or incomplete data (e.g. using nearby measurements to substitute for missing values)
o+ Evaluate potential alternative methods (e.g. precipitation weighting, data completeness) for impacts on modeéled results
{e.g. TDep spatial variability)
Comparison of reliability and functionality of optical precipitation sensors that can operate in remote areas on battery/solar power
to improve precipitation collection

Long-term:

Sampling improvements
0. Collection of more representative samples (wind shields; bird-proof; debris exclusion, operator training, real:time
monitoring)
o Back up:samplers to reduce incomplete sampling intervals (e.g. backup bulk snow collectors)
o Evaluate special protocols for monitoring extreme events and adverse weather conditions, especially for high-altitude
and coastal sites

2.1.2.2, Satellite measurements of oxidized and reduced nitrogen for application to Nr budgets
Near-term:

Continued incorporation of satellite-derived:tropospheric-level VCDs:into surface measurement-chemical transport model fusion
tools to pursue existing research problems-associated with the total Nr deposition:budget.
fe) Evaluation of spatial variations with surface measurements and land-use types to improve extrapolation techniquesin
hybrid deposition:mapping approaches
o Better understanding of synoptic-scale atmospheric chemical processes and pollution transport
. Reversible processes of bidirectional deposition and particle formations
» Effects of meteorology and other compounds
n Use of measurable species as surrogates for non-measured species
o Characterize the variability and Uncertainty of emissions inventories for measured and non-measured point sources, area
sources, and episodic events.
Active participation of deposition scientists and ecologists in existing committees dedicated to connect users to available satellite
data products (e.g. HA-QAST)

Long-term:

Improved technologies (instrument sensitivities, geostationary orbits; and retrieval methods) to improve the overall quality of data
products willincrease the spatial and temporal resolution thereby decreasing needed averaging times and increasing applicability
for research on Nr deposition.

Better characterization of vertical profiles from surface stations

Evaluation of variability and uncertainty of the retrieved satellite data product over a wide range of atmospheric conditions.

3.1.2.3. Linking of air concentrations to deposition via tronsference ratios
Near-term:

Characterizing the relative uncertainty and sensitivity of transférence ratios over:
o Spatial and temporal scales and across different modeling platforms.

Long-term:

»

Development of new “structures” for NHx and fitting that framework to couple with available observations:
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3.1.2.4. Low-cost method for routine monitoring of air-surface exchange of Nr compounds
Near-term:
. Further evaluation:of method over short vegetation
o - =Assessment of precision and accuracy.of flow system and chemical measurements
o Determination of optimal sampling duration and-gradient configuration
o Assessment of uncertainty and bias due to conditional sampling (e.g., “missing” flux)
o . Assessment of contribution of uncertainty in chemical measurements and conditional sampling to total uncertainty
o Comparisonto direct flux measurement technique
. Assess existing datasets of atmospheric chemistry and micrometeorology to investigate potential sités for deployment into existing
national monitoring infrastructure
. Investigate variable flow rates to assess applicability to wider range of sampling environments
Long-term:
. Expand.denuder/filter pack method to full suite of Nr compounds {e.s. particulate ON; total ON, total Nr)
. Evaluation of method over tall vegetation
. Deployment into select sites within existing national monitoring infrastructure

3.1.2.5, Choracterization of organic nitrogen in oir gnd precipitation

Near-term:

. Collaboration between the modeling and monitoring communities to identify and prioritize the largest sources of uncertainty.in
modeled ON estimates given the available measurement technologies.

. Development and testing of new analytical and measurement technigues to make more routine measurements or monitoring
feasible

. Incorporate ON measurements into planned field programs investigating the impacts of biomass burning:on atmospheric chemistry

Long-term:

. Standardization of ON measurement techniques to amass comparable data for ON to better determine speciation, trends and
variability, characterization of sources, deposition processes and relative importance in the atmosphere and in ecosystems

. Examinetradeoffs in data coverage versus cost and complexity between real-time versus time-integrated measurements

. Incorporating bulk ON into current routine monitoring infrastructure

3.2. Modeled total Nr deposition budgets

3.2 L Application of o bidirectional ammuonio-air-surfoce exchange model at NADP Aol sites
Near-term:
. Development of a methodology for applying time-integrated AMoN NHz measurements to the bidirectional modeling framework
. Further evaluation of the bidirectional flux model against direct flux measurements in natural ecosystems
. Evaluation of methods for determining soil compensation points in-natural.and agricultural soils
. Evaluation of the importance of leaf litter as a source of NH3 in natural ecosystems
Long-term:
. Development of a database of species-level stomatal emission potentials for natural vegetation across North-America

. Development of a database of soil and leaf litter emission -potentials for natural ecosystems across North America

. Incorporation of exchange pathway for wet'surfaces into the bidirectional flux framework

. Improvement of the dry cuticular resistance within the bidirectional flux framework

. Expansion of AMoN to existing ecological observation networks to leverage data sets for NHz flux modeling
3.2.2. Development of in-canopy source/sink models that resolie deposition to ecosyste ymponents (crown,
understory, ground} and in-canopy chemistry

Long-term:

. Legacy models of vegetative canopies that were developed decades ago need to be updated to reflect the sophistication of modern
scientific understanding, measurement techniques, and computational methods:
o) Incorporation of aerosols
Bidirectionality of biogenic hydrocarbons
Biologically-based representations of processes rather than empirical parameterizations (e.g. biogenic emissions)
Intermittency of canopy-atmosphere exchange
Within-canopy chemical and phase transitions
o Parameterizations appropriate for finer grid-resolutions
. Advancement of these models will require:
o Intermodal comparisons and evaluation
o Dedicated field-measurement campaigns for model development and.validation.
L Incorporation into large-scale CTMs will require downscaling and computational streamlining

e feliele

3.2.3. Modeling fluxes of Ne using chemical transport models
Near-term
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L e EN N )

.

Improvement of inventories of mobile-source NO; eémissions inventory

Improved understanding of the fate of organic nitrates and the parameters that drive N2Os reactions

Improved representation of cation chemistry in aerosol equilibrium models to improve phase partitioning

Expanded measurements to improve the understanding of non=stomatal exchange processes in different conditions and reduce the
need for empirical parameterization in models

Database of NHzemission potentials for range of North American vegetation and soil types

Field studies to improve understanding of surface-atmosphere exchanges of accumulation mode (0.1 - 2 um) particles
Modelintercomparison studies to characterize uncertainty and variability of modeled deposition values and.inform priorities for
process-level measurements and monitoring

Long-term:

Reducing uncertainties in NH3 emissions inventories
o Facility-seale inventories for confined animal feeding operations
o Studies to-evaluate EPIC NHa emission potentials against soil biogeochemical Nr measurements and NH3 fluxes for
different ranges of soil and fertilizer types, application methods, and meteorological conditions
Intensive field studies that characterize the effects of in- and near-canopy chemistry on net fluxes including measurement of NOy,
NHx, and relevant BVOC chemistry budgets
Long-term flux measurement studies
Improved understanding of emissions; atmospheric chemistry, and air-surface exchange processes of amines

3.2.4. Assessing upcertainty intotel N wosition estimotes for North American critical load opplications
Near-term:

Engagement with critical loads community to identify most useful metrics of uncertainty for exceedance assessments
Compilation of databases of non-network deposition measurements (e.g., throughfall; canopy-scale flux studies) for model
development and evaluation
Comparison of outputs from chemical transport models and model ensembles (CMAQ, CAMx, GEM-MACH) currently used for North
American deposition assessments (e.g: AQME!I-4)
o ' Assess the .components (e.g. MET, surface roughness heights) of chemical transport models that contribute the most to
deposition uncertainty

. Geographical expansion of lichen sampling to improve biomonitoring deposition models

. Comparison of total deposition estimates from ADAGIO and TDep hybrid measurement-model fusion - methods

. Expansion of measurement-model fusion:methods to include more networks (e.g. IMPROVE) and ‘out of network’ measurements
. Analysis of sub-grid (land.use specific) variability in deposition using CMAQ MOSAIC

Long-term:

Eurther development of methods to.incorporate satellite data into measurement-model fusion approaches
Improvement of CTM chemistry and air-surface exchange:
o Adoption-of methods within CTMs to output land use specific deposition velocities and fluxes for ecological applications
o Improvement of dry deposition algorithms in CTMs
o~ Parameterizations of non-stomatal-exchange pathways
o Consideration of the influence of in- and near-canopy chemistry on:net exchange fluxes (e.g. forests)
o Improved treatment of organic Nr
Development of deposition uncertainty maps for critical loads applications
o Development of methods for mapping land use specific deposition:velocities and fluxes and bias correction of
bidirectionally exchanged compounds in MMEF procedure
Establishment of long-term sites for process-level and routine reactive chemical flux measurement across différent ecosystems and
deposition regimes for developing models and calibrating throughfall measurements
incorporating bulk ON:into current routine monitoring infrastructure

3.3. Source contributions to total Nr deposition
3.3.1. Development and testing of source, receptor, and hybrid-oriented apportionment methods
Long-term:

»

Improving base model performance through improvements in input data:and:-process parameterizations
Incorporation of the state of the science of chemical and physical atmospheric processes into source apportionment modules
Development and improvement of methods to capture uncertainty associated with source apportionment modeling

3.3.2 Isotopic odvances in understanting Nr deposition
Near-term:

Research on charactérizing isotopic Nrsignatures from efission sources

o More robust inventory of emission source signature for NOx and NHs emission:sources

o Dbservations that focus on mechanisms driving variations in source signatures
Research to characterize isotope effects (i.e. fractionations) that can occur in the atmosphere that can alter the fidelity of isotopic
source signatures and the composition of Nr
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€) Laboratory and field studies to address the effects of field conditions, geographic scale, and atmospheric processes on
resulting isotopic compositions of Nr deposition
o Gradient studies; microscale to national-scale, employing Nr sampling, back trajectory-analyses, mixing models,
fractionation factors
. Application of AY0O-NOs to understand the impact of atmospheric NOz: deposition.on ecosystems
. Resolving potential funding venues for atmospheric deposition research within the atmospheric chemistry discipline

Long-term:
e Coupling of isotopic information with.CTMs for analysis of chemistry and deposition processes, validation of emissions, and source
tracking.

3.4 Spatial and temporal patterns of total Nr deposition

3.4.1. Relotionship of long-term Nr t s i emission and deposition
Near-term:
. Assessment of past regional and national studies on linkages between emissions and ambient monitoring data for Nr species
o Understand how EGU pollution control reductions and subsequent emissions have impacted monitoring trends of Nr and
deposition
o Understand how: local pollution controls can impact regional ambient Nr-monitoring trends
. Existing measurements could be used to evaluate biases in deposition models that can impact long-term trends
. Explore methods (e.g. gridded bias'surface corrections) to preserve consistency of modern deposition estimates with past estimates
as'methods improve
Llong-term:
. More robust emissions inventories for NHx sources, organic nitrogen (ON) compounds, and non-EGU sources
. Current monitoring networks need to incorporate new sampling strategies to address lack of spatially.and temporally resolved Nr
measurements
o Routine measurements of ON (in precipitation and in the ambient atmosphere)
Increased deploymentiin urban, coastal, and:-agricultural areas
Addition of passive NOz samplers to.NADP. AMoN network
Incorporate satellite measurements
Long-term measureéments of direct dry deposition
Speciated measurements of oxidized nitrogen

[k oo el e)

3.4.2: Spatiol variability of aromonia in agricultural regions

Near-term:

. Expand AMoN network in agricultural areas (especially.those with significant spatial gradients)

. Conduct small-scale; localized concentration studies near large agricultural emissions sources:

O High spatial density deployment of integrated NH3 passive monitors to capture sharp concentration gradients in
combination with one or two high-time resolution sites to capture diurnal patterns.

. Improve communication between modelers and field scientists on how existing and future datasets will be used in - modeling
applications.

o Data on animal operations couldbe used to constrain the radius of influence around a monitoring site for locations
influenced by large NHa emissions sources

o Specific field results could be added to emissions inventories to better characterize predicted radius of influence

o Exchange of information on key biases and uncertainties and how studies can be run to address these

Long-term:

. Characterize NHz spatial variabilities by type of emission facility (e.g: crop-production vs. animal husbandry), facility management
activities (e.g. manure turning, fertilizer spreading), distances from the source, and density of surrounding operations (e.g. cattle-
head counts)

. Increase robustness of emission inventories {spatially resolved and operation-specific)

o Chemical transport models need to be able to capture CAFO locations, sizes, and seasonal changes to characterize the
variability between:NH3 monitoring sites. Model results can then be bias-corrected using measurements where they are
available.

o Development of a facility scale emissions inventory for CAFOs is needed, which will require collaboration with industry
stakeholders, USDA and other Federal agencies, as well as academic institutions

o For emissions from fertilized soils, additional studies are needed to evaluate EPIC NHz emission potentials against soil
biogeochemical Nr measurements and NHz fluxes for:a wider range of soil and fertilizer types, including increased Nr
efficiency formulas; application methods, and soil types

Table 3.1. Summary of research topics and knowledge gaps.

3.1. Measured Total Nr Deposition Budgets

27

ED_0053641_00054976-00027



The field of measuring Nr deposition budgets is categorized here in two different sub-sections.
The first, “process-level measurements”, represent measurements and studies that have a
more “ground-up approach” to measure and understand the physical phenomena inherent in
air-surface exchange processes to aid modelers in developing accurate and data-driven
deposition algorithms and modeling approaches. The second category, “routine monitoring”, is
more of a “top-down approach” to acquire large amounts of air concentration and deposition
data in a standardized and large scale manner that is characteristic of a monitoring network.
These Nr measurements need to be performed easily and cheaply to understand the patterns
of Nr deposition on a regional scale and are incorporated into modeling approaches to
“calibrate” or evaluate model results with real-world observations. Both of these approaches
have specialized measurement methods and techniques of varying degrees of maturity, which
are discussed in detail in the respective research topics.

3.1.1. Process-Level Measurements

Process-level measurements attempt to quantify and characterize the fundamental chemical,
physical, and biological processes affecting deposition. Depending on the unknown parameter,
approaches can range from sophisticated high-time resolution techniques for direct flux
measurements to the expansion of more low-technology sampling methods in different
ecosystems or remote environments that are not yet well-characterized (e.g. cloud water
sampling, within canopy forest deposition sampling, high-elevation snow surface sampling). The
research topics chosen for this area include research for improving the current understanding
of dry deposition processes as discussed in section 3.1.1.1. Measurements of air surface
exchange of Nr in natural ecosystems across North America. This section looks closer into the
application of high-time resolution methods for the direct measurement of deposition fluxes
and expanding those direct measurement techniques to characterize fluxes for different
nitrogen species in both oxidized and reduced forms. For example, a major uncertainty in
understanding the deposition flux process is the role of the surface chemistry that occurs with
wetness on surfaces. Section 3.1.1.2. Measurements of surface chemistry/wetness relevant to
fluxes describes the role that dew can play in the deposition fluxes of both gas and aerosol
phases for different species, especially with diurnal patterns of formation and evaporation.

Most regional deposition monitoring in the U.S. is done in open-field sites in rural areas.
Sampling within forested areas is limited. Methods to expand monitoring within forested
canopies and to integrate that data into regional deposition estimates is discussed in section
3.1.1.3. Advancing throughfall methods for quantifying Nr deposition. Similarly, there are
limited measurements of deposition made in urban areas, owing to the difficulties in sampling
logistics and highly variable concentrations and micrometeorology. These issues are discussed
in 3.1.1.4. Total atmospheric Nr deposition in urban areas. Pollutants will deposit to snow
surfaces via differing processes in snowy or alpine environments, there is interest in better
understanding these processes as many of these areas are particularly sensitive ecosystems.
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These processes are discussed in 3.1.1.5. Snow and atmospheric deposition. Most current
deposition monitoring and modeling is limited in terms of occult deposition. In many areas (e.g.
high elevation, coastal areas), this can be an important deposition pathway as discussed in
3.1.1.6. Occult deposition: what we know, don’t know, and should really know.
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3.1.1.1. Measurements of air-surface exchange of Nr in natural ecosystems
across North America

John T. Walker?, Gregory M. Beachley?, Katherine B. Benedict3, Barkley C. Sive?, Donna B.
Schwede!

1U.S. EPA, Office of Research and Development, Durham, NC

2U.S. EPA, Office of Air Programs, Washington, DC

3Colorado State University, Department of Atmospheric Science, Fort Collins, CO
4National Park Service, Air Resources Division, Denver, CO

Research topic summary

Total Nr deposition budgets rely heavily on estimates of speciated fluxes derived from site
specific inferential models, gridded chemical transport models, and hybrid approaches that fuse
measurements and models. Direct flux measurements are needed to develop more complete
and accurate budgets of Nr deposition in sensitive ecosystems and to improve deposition
models.

This section summarizes the state of the science of measurements of dry deposition of Nr
compounds, beginning with a review of the current understanding of the importance of dry
deposition to total deposition at the continental scale, followed by a review of the
micrometeorological and analytical methods used for direct measurements of air-surface
exchange, and then summarizing the existing measurements of Nr air-surface exchange
measurements in natural ecosystems in North America. The data and knowledge gaps
summarized below motivate research needed to address the incompleteness of dry deposition
budgets, more fully characterize temporal and geographical variability of fluxes, and better
understand air-surface exchange processes to improve models used for deposition
assessments.

With respect to the completeness of deposition budgets, the contribution of organic Nr dry
deposition is unknown. For reduced Nr species, techniques which allow for direct measurement
of the total reduced Nr flux represent an important first step in accounting for this component
of the dry deposition budget and could be implemented in the near term. Further development
of analytical techniques for separating gas phase and particulate organic nitrate fluxes and for
directly measuring fluxes of amines represent high priority longer term efforts.

Better characterization of the spatial and temporal patterns of dry deposition is needed.
Establishment of long-term sites for process level measurements of reactive chemical fluxes is
an important long-term endeavor of the atmospheric chemistry and ecological communities.
This effort could be complemented in the shorter term by deployment of low-cost time-
integrated flux measurement techniques within existing network infrastructures. Additional flux
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measurements are needed in forest ecosystems, particularly deciduous forests. Other specific
geographical gaps where measurements are needed over the long term include high elevation
and alpine environments, urban-to-rural gradients, agricultural regions, arid ecosystems, and
coastal zones. Characterization of Nr deposition associated with smoke plumes (e.g., wildfire) is
a high priority but likely a longer-term, opportunistic effort.

From a process standpoint, establishment of a publicly available metadatabase for Nr flux
measurements in the near term would serve the atmospheric science and ecological
communities interested in better understanding the processes and drivers of land-atmosphere
exchange of Nr and development of models to better simulate these processes. Measurements
of particulate and gas phase oxidized Nr fluxes point to the need for studies to quantify within-
and near-canopy sources and sinks of the components of the chemical system under study
(e.g., NOy or HNO3-NH3-NH4NOs3) such that models can be advanced to incorporate underlying
biological, chemical, and physical processes. Surface wetness and chemistry to elucidate the
role of surface wetness and cuticle chemistry in the canopy resistances for gas phase HNOj3,
NHs;, and peroxyacyl nitrates (PAN) species and biogeochemistry to parameterize NH; emission
potentials are high priority process measurements that could be incorporated into flux
experiments in the near term.

Regarding technological advances, development of open-path technigues for NHs flux
measurements and application of online mass spectrometry for flux measurements of reduced
forms of organic Nr, specifically amines, could be accomplished in the relatively near term.
Extension of micrometeorological flux measurement techniques to complex terrain typical of Nr
sensitive high-elevation environments is a long-term objective.

This review highlights the need for closer collaboration between the atmospheric chemistry and
ecological communities with respect to advancement of Nr deposition budgets in North
America. The NADP TDep community could engage with atmospheric chemistry studies more
directly where possible to advocate for science objectives that integrate atmospheric chemistry
and ecological questions relevant to Nr deposition.

Introduction

Direct measurements of Nr fluxes are urgently needed to develop fully speciated total Nr
deposition budgets and to improve air-surface exchange algorithms used in soil-vegetation-
atmosphere models. Routine monitoring of wet and dry deposition in the U.S. does not capture
the full budget of reactive nitrogen. For example, while the spatial coverage of wet deposition
across the NADP network is extensive, only inorganic forms of Nr are measured. Organic forms
of Nr, which contribute ~ 25% of Nr in precipitation on a global scale (Jickells et al., 2013) are
not routinely measured under NADP due to difficulties in preserving samples both in the field
and laboratory (Walker et al., 2012). For dry Nr deposition, the Clean Air Status and Trends
Network (CASTNET) provides estimates of HNO3z, NH4* and NO3s™ dry deposition fluxes derived
from concentration measurements applied to modeled deposition velocities (Bowker et al.,
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2011). CASTNET does not monitor NH3 or organic forms of nitrogen. The NADP AMoN network
provides two-week integrated measurements of NH; at approximately 100 sites across the U.S.
Methods for application of AMoN measurements to dry deposition modeling are under
development. Thus, routine monitoring in the U.S. does not currently provide wet or dry
estimates of organic Nr or dry deposition estimates of NH3, which are estimated to contribute
significantly to total Nr deposition (Jickells et al., 2013; Schwede and Lear, 2014). Until these
components of the Nr deposition budget are routinely measured, flux measurement studies are
needed to provide total deposition budgets by which to assess critical load exceedances and to
guantify the fraction of Nr deposition subject to regulatory control.

Direct flux measurements and associated measurements of surface chemical, physical, and
biological characteristics are urgently needed to improve air-surface exchange algorithms used
in field scale deposition modeling as well as gridded chemical transport models (CTMs).
Measurements are particularly needed for NH3 and gas phase organic Nr compounds (e.g.,
PANs). Improvement of dry deposition and bidirectional air-surface exchange algorithms relies
on technological advances in analytical methods suitable for flux measurements of the
important Nr compounds and their application across a range of atmospheric conditions and
ecosystem types to develop datasets of sufficient process-level detail for improvement and
rigorous evaluation of soil-vegetation-atmosphere transfer models.

Recent assessments in Europe (Flechard et al., 2011) and the U.S. (Li et al., 2016) show that
commonly used field-scale inferential models may differ by a factor of 3 or more. Canopy
resistances used in deposition schemes in chemical transport models can also exhibit relatively
large differences across models (Wu et al., 2011), leading to large differences in deposition
estimates. Adoption of a bidirectional flux framework for NHs, which is now common in CTMs,
requires the use of compensation point parameterizations (e.g., soil and vegetation emission
potentials) that remain poorly characterized for many ecosystems, leading to large uncertainty
in NHs dry deposition rates at the local scale (Dennis et al., 2013). Parameterization of emission
potentials and surface resistances for NH; are largely derived from European experiments
(Massad et al., 2010; Zhang et al., 2010) and their applicability to North American ecosystems
remains an open question. Additionally, spatial variability of NH; concentrations, particularly in
agricultural areas, results in large uncertainty in NHz concentrations at the model sub-grid scale,
imparting additional uncertainty to NH3 dry deposition estimates (Schwede and Lear, 2014).

This section summarizes the state of the science of measurements of dry deposition of Nr
compounds in North America, beginning with a review of the current understanding of the
importance of dry deposition to total deposition at the continental scale, followed by a review
of the micrometeorological and analytical methods used for direct measurements of air-surface
exchange, and then summarizing the existing measurements of Nr air-surface exchange
measurements in natural terrestrial ecosystems. We then identify examples of long- and short-
term research needed to address data gaps from the perspective of developing more complete
deposition budgets and improving current understanding of air-surface exchange processes.
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We acknowledge that because the scope of this review is constrained to North America, the
large body of Nr flux worked performed in Europe and elsewhere, which established the basis
for much of the work in the U.S,, particularly for NHs, is not covered in detail.

State of the science
Deposition budget

To provide context for the discussion of dry deposition in the following sections, the total and
dry components of the deposition budget for 2015 for the continental U.S. are shown in Figure
1. The budget was developed using version 5.2.1 of the Community Multi-scale Air Quality
Model (CMAQ, www.epa.gov/CMAQ ). The depositing species are categorized by wet or dry
deposition, and oxidized (labeled with ‘OXN’) versus reduced (labeled with ‘REDN’) forms of
nitrogen. OXN_NOX includes NO and NO,; OXN_PANT represents total peroxynitrates (PNs) in
the gas phase; OXN_ORGN represents other gas phase organic Nr species such as isoprene
nitrates; OXN_OTHR represents nitrogen pentoxide (N,Os) and nitrous acid (HONO); NO3 and
NH4 represent particulate components; TNO3 represents total gaseous HNOs + particulate
NOs*; and REDN_TOT represents total gaseous NH3 + particulate NH4". Relevant to the total
budget, it is important to note that reduced forms of organic Nr are not considered in either the
dry or wet components, nor is the treatment of oxidized organic Nr comprehensive. Thus, from
a completeness standpoint the budget will be biased low. With this caveat, the budgets shown
in Figure 1 reflect the state of the science of deposition modeling as represented by a widely
used regional CTM and, as such, are used here to illustrate the relative importance of the dry
deposited fraction of Nr and the contribution of individual species or groups of compounds to
the dry deposition budget. Nr deposition budgets have been previously developed for the U.S.
and Canada using other versions of CTMs (Dennis et al., 2013; Zhang et al., 2012a) and
combinations of measurements and inferential modeling (Zhang et al., 2009).
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Figure 1. Reactive Nr deposition budget for the continental U.S. developed using CMAQ
V5.2.1. The upper pie is the Total Nr budget, the lower pie is dry deposition only. The
depositing species are categorized by wet versus dry deposition, and oxidized (OXN) versus
reduced (REDN) forms of nitrogen.

The CMAQ simulation summarized in Figure 1 shows that dry deposition dominates the Nr
budget at the continental scale, contributing 61% of total deposition compared to 39% from
wet deposition. Due to the uncertainties as noted in the Introduction, the dry deposition
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component of the budget is much more uncertain than the wet component, further
emphasizing the need for additional data and improved modeling algorithms for dry deposition
(Wu et al., 2011; Flechard et al,, 2011; Li et al., ,2016). The reader is referred to Section 3.2.3.
Modeling fluxes of reactive nitrogen using chemical transport models and Section 3.2.4.
Assessing uncertainty in total Nr deposition estimates for North American critical load
applications for a detailed discussion of key uncertainties and knowledge gaps related to
modeling of gas and aerosol dry deposition of Nr species. Oxidized and reduced forms of
nitrogen account for 57% and 43% of total N deposition and 62% and 38% of dry deposition,
respectively. The primary forms of dry deposition are HNO3 (33.7%) and NH; (32.2%), which
together account for approximately 2/3 of dry N deposition. We note that in this simulation
NH; fluxes are modeled using a bidirectional flux framework (Pleim et al,, 2013; Bash et al,,
2013). Deposition of NOs aerosol (OXN_NOs3) contributes 9.3% of dry deposition. OXN_NOX,
which due to atmospheric processing is essentially all NO,, contributes 6.2% of the dry budget,
followed in importance by dry deposition of NH4* aerosol (5.8%). Dry deposition of gas phase
organics (OXN_PANT = 5.6%; OXN_ORG = 5.1%) together account for 10.7% of the dry budget
while OXN_OTHR (N2Os and HONO) contribute 2.0%.

Flux measurement methods

Micrometeorological methods for direct measurement of Nr air-surface exchange include eddy
covariance, gradient methods, and relaxed eddy accumulation (Baldocchi et al., 1988).

Eddy covariance

The most direct approach to quantifying air surface exchange is the eddy covariance technique
(EC), in which the vertical flux (F) of mass or heat through a horizontal plane in the atmosphere,
such as above a forest canopy, is the covariance of the fluctuating components of the vertical
wind velocity (w) and the scalar of interest, which in this case is the concentration of the
chemical species of interest (c), represented in equation (1) as:

F=w' (1)

where the overbar represents time-averaging, usually 30 minutes, and the primes represent
deviations from the mean, illustrated in equation (2).

c'=€ ¢ (2)

The primary requirements for standard EC (e.g., ignoring advection and storage) are flat,
homogeneous terrain over a sufficient area surrounding the measurement location, typically
100 m horizontal fetch for every 1 m of sensor height above the surface, well-developed
turbulence, and chemical and meteorological instruments of sufficient time response and
precision to capture the range of eddy motions driving the air surface exchange. Time response
requirements are typically between 1 and 10 measurements per second depending on the
surface and corresponding sensor height.
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Gradient methods

Gradient approaches involve measuring the vertical concentration profile at two or more
heights above the exchange surface and applying the measured vertical concentration gradient
to the measured eddy diffusivity for momentum, heat, or mass. The typical calculation (e.g.,
Thomas et al., 2009) for the vertical flux (F) of chemical species X is an adaptation from Thom
(1975):

where u-+is friction velocity, calculated from the momentum flux measured EC, and C+ is the
concentration scale calculated as:

C.me— k y —A (4)
In jz - _ Z - 4 -
[ 1 —d \M_’N{H L J ( L J
Here ¢y is the integrated stability function for sensible heat (Thom, 1975), z; and z; are the
measurement heights above ground between which the concentration gradient (AC) is
measured, L is the Monin-Obukhov length calculated from the EC derived sensible heat flux, k is
the von Karman constant (k = 0.41), and d is the zero plane displacement height. A variant of this
method is the modified Bowen-ratio (MBR) (Meyers et al., 1998) in which the turbulent diffusivity

is assumed to be similar to the turbulent diffusivity for heat such that the flux may be calculated
as:

ac

F_o=wT' (5)
AT

w'T" is the kinematic heat flux measured by EC, and AC and AT are co-located mean
concentration and air temperature differences between heights z; and z; above the canopy.
The ratio of the heat flux to the temperature gradient is also known as the eddy diffusivity for
heat (Kn). Gradient methods also require flat, homogeneous terrain and well-developed
turbulence. Drawbacks relative to EC include the need to correct profiles for atmospheric
stability (aerodynamic method), the increased uncertainty during transition periods when heat
fluxes (or other scalars on which the eddy diffusivity is based) become small (MBR method),
and the need to correct for effects of sampling within the roughness sublayer in the case of tall
vegetation. The advantage to gradient methods relative to EC is that they can be employed to
measure fluxes of compounds for which fast sensors are not available. Fluxes are typically
determined from gradients of concentrations integrated over 30 minutes to an hour.

Relaxed eddy accumulation

Relaxed eddy accumulation (REA) is an alternative technique that allows for measurement of
the flux at a single height but without the > 1 Hz sampling requirement of eddy covariance
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(Businger and Oncley, 1990). Measurement of the flux at a single height avoids the need for
stability corrections and uncertainty in flux footprint estimation associated with gradient
technigues. The REA approach employs fast switching based on measurement of the vertical
wind speed to sample air concentrations in upward versus downward moving eddies, over
averaging periods up to a few hours, from which the flux is determined as:

F = Bo, (X T —X 1)

(6)

X1t and X{ are the average air concentrations in the up- and down-drafts, respectively, oy is the
standard deviation of the vertical wind velocity (measured at 10 Hz), and 3 is an empirical
dimensionless parameter that can be estimated from EC measurements of temperature and
other scalars (Katul et al., 1996). REA systems can employ continuous or time-integrated
measurements of atmospheric concentrations, with averaging periods from 30 minutes to 4

hours.

Flux datasets

Published datasets of Nr micrometeorological flux measurements for natural ecosystems in
North America are summarized in Table 1. Data are categorized by flux measurement method
and analytical (e.g., online measurements) or sampling methods (e.g., time integrated
approaches) are also indicated. Our review is limited to studies employing micrometeorological
flux measurement technigues and focusses on studies in the U.S. and Canada. Earlier flux
measurements conducted in North America and elsewhere have been previously summarized

by Zhang et al. (2002).

Table 1. Published datasets of Nr micrometeorological flux measurements for natural

ecosystems in North America

Phase Ny Flux Technique
compounds Eddy Covariance Gradient REA
Oxidized inorganic Nr
CL, Wolfe et al,, 2015.
CL, Geddes et al., 2014;
NOX CL, TD-LIF, Min et al.,
2014; TD-LIF, Farmer et N/A N/A
(NO+NO2) al., 2006; CL, TD-LAS,
Horii et al., 2004;
Delaney et al., 1986
WRD-OIC, Rumsey
and Walker, 2016;
Gas MD, Pryor et al,,
CIMS, Nguyen et al,, 2002; FP, Sievering et
2015; TD-LIF, Min et al, | al., 2001; FP, Meyers MD, Hansen et al., 2015;
HNO; 2014; TD-LIF, Farmer et | etal, 1998; FP, MD, Myles et al., 2007;
al, 2006; TD-LAS, Horii Meyers et al., 1989; MD, Pryor et al., 2002
et al., 1999 FP, Huebertet al,,
1988; FP, Huebert et
al., 1985; Llee et al,
1993
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AP, Zhang et al.,, 2012b;

HONO N/A N/A AP, Ren et al., 2011; AP,
Zhou et al., 2011;
CL, Geddes et al,,
2014; CL, Sparks et al.,
NOy 2008; CL, Munger et N/A N/A
al., 1996;
N20s N/A Huff etal.,, 2011 N/A
AMS, Farmer et al.
! ! FP, Rattray and
. _ 2013; AMS, Farmer et WRD-OIC, Rumsey . . .
Particulate NOs al, 2011; AMS, Gordon | and Walker, 2016 Slevering, 2001; FP,
Huebert et al., 1988
et al., 2011;
Reduced inorganic Nr
WRD-OIC, Rumsey
and Walker, 2016; CL-
Phillips et al., 2004;
G NH CIMS, Shaw et al., WEDD-OF, Pryor et \2’\(’)[512?;\/?;’ ;ar;::zte;al.,
as 3 1998. al, 2001; FP, Rattray | 50 > y -
and Sievering, 2001;
MD, Langford et al.,
1992.
AMS, Farmer et al,, \F:\:JRn?sf;ca’nZGV'\\l/;Iker
. + ; )
Particulate NH4 ;01;6;\;\/5, Farmer et 2016, FP, Rattray and N/A
v Sievering, 2001
Organic Nr
TD-CIMS, Wolfe et al,,
2015; TD-LIF, TD-CIMS;
Min et al, 2012; TD-
Peroxy- ’ ' MB-GC, Doskey et al.
) ¥ CIMS, Wolfe et al., 2004 » DOsKey etal, N/A
nitrates 2009; TD-LIF, Farmer et
al., 2006; TD-CIMS,
Turnipseed et al., 2006
Wolfe et al,, 2015;
ISOPN CIMS, Nguyen et al., N/A N/A
Gas 2015
CIMS, Nguyen et al.,
MACN+MVKN | 5o e N/A N/A
CIMS, Nguyen et al.,
PROPNN sy N/A N/A
2015
CIMS, Nguyen et al,,
INP 2015 N/A N/A
CIMS, Nguyen et al,,
MTNP 2015 N/A N/A
CIMS, Nguyen et al,,
HCN 2015 N/A N/A
. Total Alkyl- i i .
Particulate . Y TD-LIF, Min et al, 2012;
nitrates (gas | TD-LIF, Farmeretal,, N/A N/A
+ particle) 2006; CiMms,

AMS: aerosol mass spectrometer
AP: absorptionphotometer

CIMS: chemical ionization mass spectrometer
CL: chemiluminescence

FP: filter pack

MD: manual denuder
MB-GC: manual bag-gas chromatrography
TD-CIMS: thermal desorption-chemical ionization mass spectrometer
TD-LAS: tunable diode-laser absorption spectrometer
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TD-LIF: thermal dissociation-laser induced fluorescence

WEDD-OF: wet effluent diffusion denuder-online fluorescence

WRD-OIC: wet rotating denuder-online ion chromatography

ISOPN: isoprene hydroxy nitrate

MACN_MVKN: hydroxy nitrates with carbon backbones of methacrolein and methylvinylketone
PROPNN: propanone or propanal nitrate

INP: isoprene nitrooxy hydroperoxide

MTNP: monoterpene nitrooxy hydroperoxide

Oxidized inorganic Nr

In addition to understanding the total deposition budget of Nr and categorizing the deposition
processes to both wet and dry fractions, it is necessary to understand the composition of Nr
deposition in order to identify portions that are subject to regulatory control. In the U.S,, this is
limited to the anthropogenic fraction of oxidized inorganic Nr which primarily originates from
fossil fuel combustion. The oxidized Nr chemical system is summarized in Figure 2, illustrating
the diversity of inorganic and organic species in both the particle and gas phase that make up
the NOy budget.

B S I ..
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organic mtmtes |
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Figure 2. Schematic of the NOy system. Adapted from Seinfeld and Pandis, 1998.

The flux of total oxidized Nr can be quantified by measuring the total NOy flux, which is
dominated by inorganics but may contain a significant organic fraction, both in gaseous and
particulate forms (e.g., organic nitrates). Fluxes are typically measured by EC using a 3-D sonic
anemometer for the micrometeorological parameters and the thermal conversion of all
oxidized Nr to NO on a heated catalyst followed by detection of NO by chemiluminescence for
ambient concentrations. While this approach is relatively straightforward compared to other
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techniques for specific compounds, existing datasets are limited to a few forest sites (Geddes et
al., 2014; Sparks et al., 2008; Munger et al., 1996). We note that the work of Munger and
colleagues at Harvard Forest represents the only multi-year long-term dataset of Nr deposition
in North America. Because NOy is a bulk measurement of multiple species, it is most useful for
budget development rather than process analysis and is most beneficial when conducted over
temporal scales that allow for calculation of seasonal or annual budgets.

As illustrated in Figure 1, HNOs deposition dominates the oxidized Nr dry deposition budget,
owing to its higher concentration relative to other compounds and large deposition velocity,
which is generally thought to be limited only by atmospheric rather than surface resistances to
deposition. For this reason, it is the most studied component of the NOy deposition budget
across a range of North American ecosystems. As detailed in Table 2, fluxes of HNO; have been
guantified using gradient and REA methods employing a variety of analytical and batch
sampling techniques. More recently, advancements in online chemical ionization mass
spectrometry (Nguyen et al., 2015) and spectroscopic methods (Farmer et al., 2006; Horii et al.,
1999) have allowed the use of EC techniques. While a number of datasets exist for model
evaluation across a range of ecosystems, additional studies are needed to better understand
the potential influences of surface chemistry on HNO; canopy resistance, which is assumed to
be zero, and to quantify sources of uncertainty in measured canopy scale fluxes resulting from
gas-particle interconversion within the NHsaNO3s + HNOs + NH;3 system (i.e. flux divergence). The
presence of an acid in equilibrium with NOs™ salts on leaf surfaces (cuticle) may result in the
presence of a “non-zero” surface resistance (Rc) for HNOs (Nemitz et al., 2004a). This case is
typically assumed to deposit according to Vamax, Which is calculated at 1/(Ra + Rp) where R, is
the aerodynamic resistance to turbulent transfer and Ry is the diffusive resistance at the leaf
boundary layer. Chemistry of the wet leaf cuticle, and its implications for resistance modeling
of HNO; deposition, have not been well characterized for North American conditions (see
Section 3.1.1.2 Measurements of surface chemistry/wetness relevant to fluxes). Secondly, as
summarized by Nemitz et al. (2004b) and references therein, perturbation of the NH4NO3
thermodynamic equilibrium within and above the canopy affects the vertical gradients NH4sNO;
+ HNOs + NHs. NHaNO3 evaporation at the surface, for example, results in anomalous
measurements of HNO3z and NH3; emissions from the canopy and corresponding over-fast NO3”
deposition in which the measured deposition velocity (Va) exceeds the velocity limited by
turbulent transfer (Vamax). This process can furthermore result in apparent emission of smaller
particles from the canopy.

At the continental scale, NOx (NO + NO;), which is primarily NO,, may contribute on the order
of 5% of the Nr dry deposition budget (Figure 1). The NOx fraction of the oxidized inorganic Nr
flux has been studied relatively extensively in the context of in-canopy and near surface
chemical processing within the NOy system. Because the chemical timescale of the cycling of
NOx between NO and NO; is similar to the turbulence time scale, their canopy-scale fluxes will
reflect a combination emission from the soil, deposition to the canopy, and in-situ chemical
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processing. NO and NO; fluxes are measured by EC using several approaches. NO fluxes are
measured directly by fast chemiluminescence (e.g., Geddes et al., 2014) whereby NO; fluxes
may be determined directly by spectroscopic techniques (Horii et al., 2004; Farmer et al., 2006),
or by fast NO chemiluminescence after conversion of NO; by photolysis (Geddes et al., 2014).
Canopy scale NO and NO; fluxes have been conducted in a few evergreen (Blodgett Forest,
Sierra Nevada Mountains, CA, Farmer et al., 2006; Min et al., 2014) and deciduous forests
(Harvard Forest, MA, Horii et al, 2004; Haliburton Forest, Ontario, Geddes et al., 2014; and
PROPHET site, MI, Geddes et al., 2014). Fluxes at these sites exhibit patterns of upward and
downward canopy-scale fluxes of NO and NO,, reflecting the net result of chemical processing
within the canopy air-space and turbulent exchange. Results can depend on the specific
location, for instance Geddes et al. (2014) noted that the fluxes at different times of day tended
to offset in deciduous forests (in Haliburton, Ontario and at the PROPHET site in Ml), yielding a
total NOx flux near zero, while net upward fluxes of NO and NO; were observed at an evergreen
forest (Blodgett Forest in CA; Min et al., 2014). Net downward fluxes of NO; consistent with the
presence of a compensation point were observed at Harvard Forest (Horii et al., 2004).
Additional flux measurements are needed in locations such as urban to rural gradients where
NO; contributes a more significant fraction of NOy than experienced in rural locations more
distant from sources. It is these locations where NO; will contribute more significantly to the Nr
deposition budgets and where the accuracy of modeled deposition rates is likely more critical.
NO and NO: fluxes have also been measured by EC from aircraft (Wolfe et al., 2015). Sitewise
differences in patterns of NOx air-surface exchange, and in the relative importance of in-situ
chemical processing to the net canopy-scale flux, reinforce the need for measurements and
models that explicitly quantify in-canopy and near-canopy sources and sinks as well as net-
canopy scale exchange.

As shown in Figure 1, CMAQ suggests HONO and N2Os (OXN_OTHR) likely make a relatively
small contribution (2%) to the Nr deposition budget at the continental scale. Of the gas phase
oxidized inorganic Nr compounds, HONO has received less attention than NOx in terms of
canopy-scale fluxes in North American natural ecosystems. As noted in Table 1, only a few
published studies were identified, which describe fluxes measured by REA at the PROPHET
deciduous forest site in Michigan (Zhang et al., 2012b; Zhou et al., 2011) and the Blodgett
Forest ponderosa pine forest in California (Ren et al., 2011), both rural low-NOx environments.
Net upward fluxes from the canopy to the atmosphere were observed at both forest sites, with
lower fluxes at Blodgett Forest corresponding to lower concentrations. Viewed in light of the
deposition budget shown in Figure 1, which reflects a model algorithm in which HONO fluxes
are unidirectional toward the surface, these studies point to the need for a more detailed
treatment of within- and near-canopy chemistry in order to accurately resolve the net
atmosphere-biosphere exchange of HONO. Additional measurements are also needed in
natural ecosystems experiencing higher atmospheric concentrations of HONO than observed at
these two rural forested sites. Measurements of N,Os fluxes are more limited. The
measurements of Huff et al. (2011) over a snow covered agricultural field are the only
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published measurements that could be found for a North American terrestrial ecosystem.
Fluxes suggested that N,Os deposition was likely limited by turbulent transfer (i.e., similar to
HNO3s), which is expected given its high solubility and is in agreement with N,Os fluxes
measured above the air-sea interface near San Diego, CA (Min et al., 2014). Additional
measurements of N,Os fluxes are needed, particularly in coastal zones and ecosystems
downwind of urban areas. (Thornton, et al., 2010).

Nitrate aerosol (NOs’) is another component of the oxidized inorganic Nr budget, though is
likely a relatively minor component at the continental scale (Figure 1). While the regional
patterns and trends of atmospheric concentrations are relatively well characterized by national
monitoring networks (e.g., CASTNET, IMPROVE), there exist relatively few published studies in
which NOs™ fluxes and deposition velocities have been directly measured in North America
(Table 2). Earlier measurements (Huebert et al., 1988; Rattray and Sievering, 2001) employed
filter packs to measure fluxes in a gradient mode, while online techniques employing steam
aerosol collection and ion chromatography have been used more recently (Rumsey and Walker,
2016). Gradient studies have been conducted in grassiand (Huebert et al., 1988; Rumsey and
Walker, 2016) and alpine (Rattray and Sievering, 2001) environments. Recent advancement of
online aerosol mass spectrometry has enabled the use of EC techniques for NO3z™ flux
measurements at two North American forest sites (Blodgett Forest, CA, ponderosa pine, Farmer
et al,, 2011 and 2013; Borden Forest, Ontario, mixed deciduous/coniferous, Gordon et al,,
2011).

While inorganic NOs;” may make a relatively minor contribution to the Nr deposition budget at
the continental scale, coastal environments, where deposition of coarse model NO3 may
contribute more significantly to the Nr deposition budget than fine mode NO;™ at inland sites,
represent an important geographical data gap. From a process standpoint, additional
observations of NOs™ flux, coincident with HNO3; and NHs; fluxes, are needed to better
understand potential sources of uncertainty in measured canopy-scale fluxes resulting from
gas-particle interconversion within the NHsaNOs + HNOs + NH;3 system (i.e. flux divergence),
which, for example, Gordon et al. (2011) note may explain the observed positive NO3™ fluxes
from the canopy to atmosphere in their study at Borden Forest.

Reduced inorganic Nr

Reduced inorganic Nr (NHx = gaseous NH3 and particulate NHa*) in the atmosphere primarily
originates from agricultural sources of NH3, including animal manure and fertilized soil (Reis et
al., 2015), which, in contrast to oxidized Nr emissions, are not regulated in the U.S. As
illustrated in Figure 1, deposition of gaseous NHz may be the dominant contributor to the
continental scale Nr deposition budget. Furthermore, the relative contribution of reduced
forms of nitrogen to the atmospheric inorganic nitrogen budget is increasing over time as NOx
emissions continue to decline (Li et al., 2016). Liet al. (2016) show that reduced nitrogen now
dominates the inorganic Nr deposition budget across the U.S. and with the contribution of NH3
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dry deposition alone varying regionally from 19% (Northwest) to 63% (Southwest). Thus,
knowledge of the role of NH; and NH4* in Nr deposition budgets is becoming more important
for understanding ecological impacts and for developing approaches to maintain or reduce
deposition rates below critical Nr loads in North American ecosystems (Pardo et al., 2011). NHs
is unique to other Nr compounds in that it is exchanged bi-directionally between the
atmosphere and biosphere depending on the compensation point and emission potential of the
underlying surface. NH; may be emitted from or taken up at the leaf surface via stomatal and
cuticular pathways and may emit from or deposit to soil and the overlying litter layer (see
Massad et al., 2010 and references therein).

Bidirectional NHj3 air-surface exchange algorithms used in North American deposition
assessments, both at the field scale (Li et al., 2016) and within gridded chemical transport
models (Zhang et al., 2010; Pleim et al., 2013; Bash et al.,, 2013; Zhu et al., 2015; Whaley et al.,
2018), are largely based on parameterizations developed from European datasets (see Massad
et al,, 2010 and references therein). Stomatal and soil exchange pathways are regulated by NH3
emission potentials that vary by vegetation and soil type along with other aspects of ecosystem
biogeochemistry. Cuticular exchange processes are affected by the acidity of the exchange
surface, which is influenced by the vegetation itself as well as the chemical composition of
material deposited to the surface. Because these properties are to some extent ecosystem
specific and dependent on atmospheric chemistry, datasets are needed to assess seasonal and
annual net fluxes of NH; and to validate or revise current parameterization for North American
conditions. The reader is referred to Section 3.2.1. Application of a bidirectional ammonia air-
surface exchange model at NADP AMoN sites for a detailed discussion of NH3z air-surface
exchange processes and associated knowledge and data gaps relevant to North America.

Table 1 summarizes published datasets of directly measured NH3z and NHa* fluxes in North
American natural ecosystems. The work of Langford et al. (1992) summarizes early studies of
NH; fluxes at a grassland (Pawnee grasslands, northeast CO) and forest sites (Walker Branch,
Oak Ridge, TN) measured using batch collection techniques in a flux gradient configuration.
More recent measurements have employed a range of gradient approaches employing batch
collection of NH3 using acid coated filters (alpine tundra, Rattray and Sievering, 2001); NH3
conversion to NO by heated catalyst/chemiluminescence in gradient mode (grass, NC, Phillips
et al., 2004) and continuously wetted denuder with online concentration measurement
(Morgan-Monroe State Forest, deciduous, IN; Pryor et al., 2001; grass, NC, Rumsey and Walker,
2016). REA has been used with batch NHj; collection by denuder (grass, FL, Myles et al., 2007)
and by wet effluent diffusion denuder with online concentration measurement above a forest
(Morgan-Monroe State Forest, deciduous, IN; Hansen et al., 2015). Shaw et al. (1998) report
fluxes measured by EC over a grass field using a tandem mass spectrometer. Given the
potential importance of NH; to the overall deposition budget, additional measurements in
geographically diverse natural ecosystems and under differing NHz concentrations are urgently
needed.
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While a number of studies have been conducted in grasslands and to a lesser extent forests,
coastal ecosystems, wetlands, arid zones represent geographical gaps where NHs flux
measurements are needed. Additionally, flux measurements are needed within and downwind
of agricultural areas to better characterize rates of NHs deposition to natural ecosystems
experiencing elevated NH; concentrations see Section 3.4.2. Spatial variability of ammonia in
agricultural regions. It is also notable that the only published datasets for forests (Langford et
al., 1992; Pryor et al.,, 2001; and Hansen et al, 2015) are for mixed-hardwood ecosystems;
published studies in coniferous North American forests could not be identified. From a process
standpoint, additional flux datasets are needed in deciduous and coniferous forest ecosystems
targeting a range of atmospheric concentrations of NHsz and atmospheric acidity. Supporting
datasets of surface wetness and biogeochemistry are also critical for interpreting fluxes within
the context of surface emission potentials and cuticle chemistry. The reader is referred to
Sections 3.1.1.2. Measurements of surface chemistry/wetness relevant to fluxes’ and Section
3.2.1. Application of a bidirectional ammonia air-surface exchange model at NADP AMoN
sites for a more detailed discussion of knowledge and data gaps related to better
understanding the role of surface wetness in NHj; air-surface exchange and role of
biogeochemistry in the measurement and modeling of NHj; fluxes.

From a technological standpoint, open-path techniques suitable for EC NH; fluxes are advancing
(Sun et al., 2015) and show promise for application to flux measurements in natural
ecosystems. Open-path technology has an obvious advantage in avoiding inlet NH; effects
which limit the effective response time of fast detectors such as quantum cascade laser (QCL),
tunable diode laser (TDL), or chemical ionization mass spectrometry (CIMS) systems in a
“closed” configuration (Zoll et al., 2016; Famulari et al., 2004; Ellis et al., 2010; Sintermann et
al., 2011; Ferrara et al., 2012).

Owing to relatively low deposition velocities for particles, NHa* makes a much smaller
contribution to the overall Nr deposition budget than NH3 (Figure 1). As with NOs, the regional
patterns and trends of atmospheric concentrations of NH4* aerosol are relatively well
characterized by national monitoring networks (e.g., CASTNET, IMPROVE). However, published
direct flux measurements for North American sites appear to be limited to three studies (Table
1). Rattray and Sievering (2001) employed batch collection with filter packs in a gradient
configuration to measure fluxes above alpine tundra (Niwot Ridge, CO). Rumsey and Walker
(2016) used a steam-jet aerosol collector with online ion-chromatography in gradient mode to
measure fluxes over grass (Chapel Hill, NC). Aerosol mass spectrometry was used to measure
fluxes by EC at a single North American forest site (Blodgett Forest, CA, ponderosa pine, Farmer
et al, 2011 and 2013). As with NO3’, additional studies of NHs* deposition are needed to better
understand potential sources of uncertainty in measured canopy scale fluxes resulting from
gas-particle interconversion within the NHsaNO3s + HNOs + NH;3 system (i.e. flux divergence).

Organic Nr
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On a global basis, organic Nr may contribute ~ 25% of the total Nr deposition in precipitation
(Jickells et al., 2013), yet the composition, sources, and deposition processes for organic Nr
remain poorly characterized for all but a relatively few compounds or groups of compounds.
Organic Nr comprises a wide range of gaseous and particulate forms whose sources include soil
dust, biomass burning, agricultural, marine, and anthropogenic emissions. Classes of
compounds include primary emissions and secondary reaction products such as amines and
amino acids, urea, nitrophenoils, alkyl amides, N-heterocyclic alkaloids, and organic nitrates
(Jickells et al., 2013; Cape et al., 2011). Dry deposition of organic Nr remains poorly
characterized at the global scale, though technological advances in measurement techniques
suitable for flux measurements have led to an increase in dry deposition studies in recent years.
The reader is referred to section 3.1.2.5. Characterization of organic nitrogen in air and
precipitation for a detailed discussion of the current state of the science of organic Nr
measurements. Here we provide a brief summary of published measurements of dry
deposition and bi-directional air-surface exchange of organic Nr compounds for North American
natural ecosystems.

Oxidized organic Nr

With respect to air-surface exchange, the oxidized portion of organic Nr in the atmosphere has
been studied in the context of particulate and gas phase organic nitrates. When VOCs are
present, NOx can react with organic peroxy radicals (RO,) to form peroxy nitrates (RO,NO,) and
alkyl and multifunctional nitrates (RONO:) (Figure 2). Peroxy nitrates (PNs) may account for
10-80% of total NOy in high NOx environments (Roberts, 1990; Roberts et al., 2004; Cleary et
al., 2007; Murphy et al., 2006; Day et al., 2008), with PAN contributing the majority of the PN
budget. PN species exist in the gas phase and are thermally unstable, with lifetimes ranging
from a few hours to weeks depending on temperature. In the context of air-surface exchange,
PNs are the most studied class of organic Nr compounds in North America. Figure 1 shows that
PNs may contribute on the order of 5% of the total Nr dry deposition budget at the continental
scale.

As summarized in Table 1, PNs are reported as speciated PAN, peroxypropionyl nitrate (PPN)
and peroxymethacryloyl nitrate (MPAN), where total acyl peroxynitrates (APN) = PAN + PPN +
MPAN, or as total peroxynitrates (XPN). With the exception of a single study employing the
gradient method and offline analysis of bag samples (Doskey et al., 2004), fluxes are typically
measured by EC using online CIMS (Turnipseed, 2006) or thermal dissociation to NO; followed
by laser induced fluorescence (TDLIF, Farmer et al., 2008). In North America, fluxes have been
measured over grass (Doskey et al., 2004); loblolly pine (Duke Forest, Chapel Hill, NC,
Turnipseed et al., 2006); ponderosa pine (Blodgett Forest, CA, Farmer et al., 2006; Wolfe et al.,
2009; Min et al.,, 2012); and by aircraft over the southeastern U.S. (Wolfe et al, 2015).

PN fluxes have been studied extensively at the Blodgett Forest (ponderosa pine, CA) and
observations spanning multiple years reflect the complexities of PN air-surface exchange.
Farmer et al. (2008) report a net upward flux of ZPN from the canopy in a 2004 study, driven by
production within the canopy air-space. Wolfe et al. (2009) report net deposition of PAN, PPN,
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and MPAN during BEARPEX-2007, with the majority of deposition attributed to stomatal uptake
and vertical gradients in PAN decomposition, leaving a small residual flux attributed to “non-
stomatal” uptake. Min et al. (2012) also report net deposition of APN during BEARPEX-2009, but
much smaller net fluxes of ZPN attributed to in-canopy production and emission of PN species
other than APNs. Differences across years may be attributed to differences in photochemical
conditions and biogenic emissions of PN precursors. Wolfe estimate an overall contribution of
PN to the Nr deposition budget at their site of 4-19%. Across PN species, Wolfe et al reporting
larger deposition velocities for PPN than PAN and MPAN while Turnipseed et al (2006) reporting
similar deposition velocities for the three compounds. Turnipseed reported that approximately
half of daytime deposition could be explained by stomatal uptake and that night-time fluxes
tended to be larger when the canopy was wet.

Similar to the studies of NOx and HONO, which show a combination of net emission and
deposition to the canopy across sites and time periods, measurements of PAN fluxes reiterate
the importance of quantifying the role of in-canopy chemistry in net canopy exchange with the
atmosphere, processes which are not captured in the model algorithms employed in most
chemical transport models, including CMAQ. Deciduous forests represent a notable data gap
for PN fluxes were additional measurements are needed.

Alkyl and multifunctional nitrates (ANs), which can exist in the gas or particle phase, can be the
dominant chemical sink for NOx in high biogenic volatile organic compound (BVOC)/low NOx
environments (Browne and Cohen, 2012; Paulot et al., 2012; Browne et al., 2014). Recent
aircraft and ground-based observations combined with GEOS-CHEM simulations show that gas-
phase isoprene nitrates account for 25-50% of surface RONO2, 10% contribution for gas phase
monoterpene nitrates, and approximately 10% in the particle phase (Fisher et al., 2016). CMAQ
simulations suggest that the gas phase portion of these “other” organic nitrates may contribute
on the order of 4% of the total Nr deposition budget (Figure 1, “OXN_ORGN”). While
understanding of the importance of ANs to the NOx budget and the AN chemical system is
expanding rapidly, the processes of AN air surface exchange is poorly known. Only four North
American studies (Table 1) could be identified in which air-surface exchange of ANs was directly
measured. In all cases, fluxes were measured by EC using TD-LIF (Farmer et al., 2006; Min et al.,
2012) or CIMS (Wolfe et al., 2015; Nguyen et al., 2015). Measurements of total AN fluxes (gas +
particulate) at the Blodgett Forest ponderosa pine site during 2004 and 2005 showed net
downward fluxes to the canopy, with a median V4 of 2.1 cm s}, indicating the presence of a
surface resistance when compared with the maximum Vq allowed by turbulence (Farmer et al.,
2006). Min et al. (2012) report that total alkyl nitrate fluxes were also measured during
BEARPEX 2009 at Blodgett Forest but the fluxes themselves are not reported.

Published measurements of speciated alkyl nitrate fluxes at North American sites are also few.
EC fluxes of isoprene hydroxy nitrates (ISOPN) have been measured by CIMS (Wolfe et al., 2015;
Nguyen et al.; 2015). Wolfe et al. (2015) report an average deposition velocity of 1.1 cm s?
from aircraft flux measurements over the “isoprene volcano” region of the Ozark mountains,
which agrees with the ground-based flux measurements {mean V4 of 1.5 cm s71) of Nguyen et al.
(2015, SOAS study) over a mixed coniferous/deciduous forest in the southeastern U.S. Nguyen
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et al. (2015) also report CIMS EC fluxes of several other multifunctional gas phase organic
nitrates, including methacrolein and methyl vinyl ketone hydroxy nitrates (MACN + MVKN),
propanone nitrate (PROPNN), isoprene nitrooxy hydroperoxide (IPN), and monoterpene
nitrooxy hydroperoxide (MTNP). With the exception of MTNP, average deposition velocities of
these compounds are similar over the approximately 4-week period of study, ranging from 1.3
to 1.7 cm s't. The V4 for MTNP was lower, averaging 0.8 cm s%. All species deposited more
slowly than allowable by purely turbulent exchange, indicating the presence of a surface
resistance.

Reduced forms of organic Nr

While measurements of rainfall composition suggest that reduced Nr compounds may
cumulatively make a significant contribution to the atmospheric organic Nr budget (Neff et al.,
2002; Altieri et al., 2012), the processes by which reduced organic Nr compounds dry deposit
are largely unknown, explaining the lack of representation in chemical transport models such as
CMAQ (i.e., not included in the Figure 1 budget). Fluxes of hydrogen cyanide (HCN) measured
by Nguyen et al. (2015) are the only published dry deposition data for reduced organic Nr
compounds that could be identified in the literature. HCN is of interest as a tracer for biomass
burning (Rinsland et al., 1999). Nguyen et al. (2015) report a very low average V¢=0.3 cm s
over a mixed coniferous/deciduous forest during summer (SOAS study), likely resulting from
low solubility and reactivity at the leaf surface. Measurements of air-surface exchange of other
gas phase reduced organic Nr compounds, such as amino acids, aliphatic amines, N-containing
nitroso compounds could not be identified.

Future research

The data and knowledge gaps summarized above motivate research needed to address the
incompleteness of dry deposition budgets, more fully characterize temporal and geographical
variability of fluxes, and better understand air-surface exchange processes to improve models
used for deposition assessments. These research needs can further be broken down into near-
and longer-term efforts.

Completeness of deposition budgets - Model deposition budgets used for critical loads
assessments do not include the full contribution of organic Nr forms. Global measurements
(Jickells et al., 2013) suggest that omission of the water soluble organic Nr fraction may resultin
a low bias of the wet Nr deposition budget by 25% on average; total contribution of organic Nr
to the dry deposition fraction is unknown. Development of a routine method for measurement
of bulk organic Nr in precipitation could be accomplished in the relatively near term, while
implementation of such measurements into routine monitoring of wet deposition across North
America is a longer-term effort.

For reduced organic Nr species, techniques which allow for direct measurement of the total
reduced Nr flux (Brummer et al., 2013) represent an important first step in accounting for this
component of the dry deposition budget and could be implemented in the near term. For
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oxidized organic Nr, application of bulk alkyl and peroxy nitrate converter methods (Farmer et
al., 2006) to chemiluminescence detection for EC fluxes could be explored in the near term.
Separation of aerosol and gas phase contributions to the total oxidized organic Nr flux using
coincident online aerosol and gas phase mass spectrometry methods is a long-term goal.
Following advances in measurements of oxidized organic Nr forms (Nguyen et al., 2015),
application of online mass spectrometry techniques to quantify speciated fluxes of amines and
amides (You et al., 2014; Yao et al.,, 2016) may also be possible in the short term.

Temporal and geographical variability of fluxes - With exception of the work of Munger et al.
(1996) at Harvard Forest, most air-surface exchange data sets span periods of a few weeks to
months, failing to capture the range of atmospheric, biogeochemical, and phenological
conditions that drive annual scale fluxes. For this reason, establishment of long-term sites for
process level measurements of reactive chemical fluxes is viewed as a high priority long-term
endeavor of the atmospheric chemistry and ecological communities. Because the expense of
process-level measurements makes the establishment of a large number of sites unfeasible, in
the shorter term low-cost approaches for direct flux measurements, such as the Conditional
Time-Averaged Gradient (COTAG) technique (Famulari et al., 2010 and Section 3.1.2.4. Low-
cost method for routine monitoring of air-surface exchange of Nr compounds) could be
deployed in a routine monitoring mode, within existing infrastructure (e.g., CASTNET, NADP,
Ameriflux) to quantify dry deposition for seasonal and annual deposition budgets.

Short term flux measurements also miss potentially important deposition episodes. For
example, large enhancements of Nr compounds have been observed in smoke plumes
(Benedict et al., 2017; Prenni et al., 2014). While these observations demonstrate that smoke
plumes represent a significant source of site-specific temporal variability in atmospheric Nr,
there remains a paucity of measurements sufficient to characterize the importance of biomass
burning episodes to annual deposition budgets, which may be particularly important at remote
sites where background Nr deposition is low. Characterization of Nr deposition associated with
smoke plumes is a high priority but likely a longer-term, opportunistic effort.

With respect to Nr flux measurements in natural ecosystems, low elevation forests and
grasslands have been studied most extensively. However, with the exception of HNO;3, relatively
few geographical locations have been characterized. As a general conclusion, more
measurements are needed in forest ecosystems, particularly deciduous forests. Other specific
geographical gaps include:

e High elevation and alpine environments are particularly sensitive to Nr inputs and
may thus exhibit relatively low critical Nr loads. There are only a very few studies of
direct flux measurements in high elevation ecosystems, owing to the challenges of
applying flux measurement techniques in non-ideal terrain and the generally low
concentrations observed in these remote areas.
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e Urban-to-rural gradients represent areas where deposition of oxidized Nr forms to
natural ecosystems is expected to be large and poorly understood species such as
NO; and HONO may make particularly important contributions.

e Agricultural regions represent areas where NHs; deposition is highly spatially
variable. NH; fluxes to natural ecosystems at high concentrations typical of
agricultural areas are not well characterized. These may also be areas where
reduced organic Nr forms (e.g., aliphatic amines) may be particularly important.

e Coastal zones represent areas where coarse NOs™ aerosol and organic Nr compounds
from marine sources may be particularly important components of the dry
deposition budget.

o Dry deposition is the dominant pathway in arid ecosystems, which cover large areas
of the western U.S. Measurements of fluxes in these ecosystems are limited (Fenn
et al., 2009). Additional measurements that elucidate the processes of exchange
with the soil surface are particularly needed (Padgett et al., 1999, 2001).

Experiments targeting these specific environments are a long-term objective.

Air-surface exchange processes - Efforts are underway to develop a global metadatabase of Nr
fluxes to facilitate collaboration in the area of dry deposition model development. The purpose
of this effort is to establish a publicly available, searchable archive that can be queried to easily
assess where and when measurements of Nr fluxes have been conducted. While this
information is easily accessible for more routine measurements (e.g., wet deposition, air
concentrations) collected within networks, direct measurements of air-surface exchange of
particles and trace gases (i.e., dry deposition and bidirectional exchange) are typically
conducted in intensive, shorter-term studies. These datasets are therefore often less visible and
accessible to the user community. Establishment of a publicly available metadatabase for Nr
flux measurements would serve the atmospheric science and ecological communities
interested in better understanding the processes and drivers of land-atmosphere exchange of
Nr and development of models to better simulate these processes.

The review of existing North American flux datasets points to several data and knowledge gaps
related to air-surface exchange processes that need to be addressed in order to advance model
algorithms. Several studies summarized above challenge the fundamental conceptual
framework of air-surface exchange employed in field-scale and gridded chemical transport
models, which is that PM and oxidized forms of gas phase Nr always deposit from the
atmosphere to the surface. Measurements in several forest ecosystems document the
importance of in-canopy chemical processes in regulating the net flux between the atmosphere
and biosphere, which can result in net loss from the canopy. These results point to the need for
studies to quantify within- and near-canopy sources and sinks of the components of the
chemical system under study (e.g., NOy or HNO3-NH3-NH4NOs3) such that models can be
advanced to incorporate underlying biological, chemical, and physical processes as described in
Section 3.2.2. Development of in-canopy source/sink models that resolve deposition to
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ecosystem components (crown, understory, ground) and in-canopy chemistry. This is a high
priority and represents a long-term effort.

Measurements to elucidate the role of surface wetness and cuticle chemistry in the canopy
resistances for gas phase HNQOs, NH3, and PNs are also seen as a high priority. Assessment of
the volume and chemistry of dew (e.g., Wentworth et al., 2016) and guttation could be
incorporated into flux experiments in the near term, which could help improve
parameterizations of “non-stomatal” deposition pathways and surface resistances. For NHjs,
flux measurements should also be accompanied by measurements of soil and vegetation
chemistry in order to constrain the emission potentials responsible for soil and stomatal
compensation points. Such measurements could also be incorporated into flux experiments in
the short term.

From a technological standpoint, further development of open-path techniques for NH; flux
measurements is a short-term, high priority objective.

Extension of micrometeorological flux measurement techniques to complex terrain typical of Nr
sensitive high-elevation environments is also a long-term objective.

Opportunities for collaboration - This review also highlights the need for closer collaboration
between the atmospheric chemistry and ecological communities with respect to advancement
of Nr deposition budgets in North America. Coordinated multi-agency field studies, leveraging
expertise and resources, can be a cost-effective approach to addressing the most urgent
process-oriented research questions. Historically, large-scale atmospheric measurement
campaigns in the U.S. have been developed and coordinated by the atmospheric chemistry
community. While measurements of Nr and deposition are often components of these studies,
the NADP TDep community could engage with these efforts more directly to advocate for
science objectives that integrate atmospheric chemistry and ecological questions relevant to Nr
deposition.
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